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LECTURE I. 



rROPAGATlO.N OF LIGHT. — HEPLEMON AND REPRAOTION. 

Gbntlehbk, — The pbenomena of nature may be studied 
under two diiTerent aspects, nhich it is often convenient to 
keep separate. The comparison of individual facts may lead 
to the discovery of a general law, in which we may rest as an 
ultitnale fact in science, and content ourselves with tracing 
its consequences in an endless variety of new cases, luitil we 
have created a branch of science of which it is the fountain 
and head. Or, looking higher, we may endeavour to refer 
this law itself to some simpler property of matter, and, com- 
bining a few principles of tlie highest generality, we may 
form a theory from whose bosom we may evolve these and 
other subordinate laws. Each of these processes has been 
pursued in astronomy. You are aware that in one mode 
of studying that ui teres ting science, the laws of Kepler are 
assumed as fundamental principles, and from them, when un- 
folded, all the more obvious appearances of the planetary 
eystem are deduced. In physical attronumy, on the other 
hand, the laws of Kepler (iiemselves are derived as con- 
sequences of a primordial law of matter, and the develop- 
ment of this higher principle has brought to light a mul- 
titude of other laws of the universe, which mere observation 
coukl have never reached. 
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I be made in the atmlj" of ihc phe- 



A similar division r 
nomena of light. In tliD preceding part of our i 
adopted (he former of these methods ; wc touk the fiin- 
danicntal laws of reflexion iind refiaction as principles 
borrowed from experience, and raised by the process of 
induction ; and we saw that they not only explained a 
multitude of natural phenomena, — but that, guided by the 
results to which we were conducted in their mathematical 
development, man has been enabled to contrive new combi- 
nations serving important ends, and to invent instruments 
which have wonderfully extended the sphere of his know- 
ledge and power. The same course might be pursued also 
with respect to other phenomena of light, which the disco- 
veries of later years have brought forth; and to some such a 
course may possess its attractions. Hut I prefer at once to 
endeavour to lead you to that more elevated station in 
Bcience, whence all these varied phenomena and their laws 
may be embraced in a single view ; and to attempt to deve- 
lop a physical theory of light, which has nut only accounted 
for the greater part of the known facts, but even in many 
cases anticipated observation. 

It is well known that light travels from one point of space 
to another la lime, and that the velocity of this progressive 
movement amounts nearly to that of :^0U,000 miles in a se- 
cond. Now, there are two distinct and intelligible ways of 
conceiving such a propagated movement. Either it is the 
tame indicidualbotly which is found indifferent times in distant 
parts of space; — or there are a multitude of moving bodies, 
occupying the entire interval, each of which vibrates conti- 
nually within certain hmits, while the vibratory motion itself 
is communicated in succession from one to another, and so 
advances uniformly. These two modes of propagated 
movement may be distinguished by the names of the motion 
of traiulution and the motion of vihration. The former is 
more familiar to our thoughts, and is that which we observe, 
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when with the eye we foUow the path of a projectile in the 
air ; or about which we reason, when we determine the course 
of a planet in ils orbit. Motions of the latter kind, too, are 
every where taking place around ub. When the surface of 
stagnant water is agitated by any external cause, the parti- 
cles of the fluid next the origin of the disturbance are set 
vibrating up and down, and this vibratory motion is commu- 
nicated to the adjacent particles, and from them onwards, to 
the boundaries of the fluid surface. All the particles which 
are elevated at the same instant constitute what is called a 
waee ,- and that this wave does not consist of the same par- 
ticles in two successive instants may be seen in the move- 
inents of any floating body, which will be observed to rise 
and fall as it is reachtrd and passed by the wave, but not to ad- 
vance, as it must necessarily do if the particles of the fluid oil 
which it rested had a progressive motion. The phenomena of 
sound aflbrd another well known instance of the motion of 
vibration. The vibratory motion is communicated from the 
sounding body to the ear, through all the intervening par- 
ticles of the air, though each of the aerial particles moves 
back and forwards through a very narrow space. 

Each of these modes of propagated motion has been ap- 
plied to explain the phenomena of light ; and hence the two 
rival theories — the llieoiy ofeviUsion and the trare-lfieory 
In the former the luminous body is supposed to send forth, 
or emit, particles of extreme minuteness, in all directions. 
In the latter, the same body is supposeil merely to excite 
tie cibratioHS of an elaslir ether, just as a sounding body ex- 
cites the vibrations of the air. This ethereal medium is 
supposed to pervade all space, and to be of such extreme 
tenuity as to afford no appreciable resistance to the motions 
of the planets. 

Such are the two systems, some traces of which may 
he found even in the recorded opinions of the ancients. 
It is only within a period comparatively recent, however. 
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that eitlier of lliem has been Btntcc! with distinctness, 
fiU|>porteJ by any sliow of reasoning. The great advocate, 
— wc may .ilinuet Kiiy — the author of the tlieory of ei 
was Newton, t<i wliom (it has been already seen) v 
kuowledge uf some of the most important properties of light. 
The wave-theory was unfolded, and apphed to phenomena 
ft short time before, by Grimaldi and Huygens, In the 
course of the succeeding lectures 1 propose to review in 
succession tlie principal phenomena of ordinary, or un po- 
larized light, and to examine each of these theories by the 
only test to which a phyMcal theory can be subjected,- 
ly, the accordance of its consequences with established facts. 
The fundamental assumption of the theory of emission — 
the hypothesis that the rays of light are bodies moving with 
an immense velocity — would appear to be easily submitted 
to the test of experiment. If the weight of a molecule of 
light amounted to but one ffrnin, its momentum would c((ual 
that of ft cannon ball, loO pounds in weight, and moving 
with the velocity of 1000 feet in a second. The weight of a 
single molecule may be assumed to be many millions of times 
less than what has been here supposed ; but, on the other 
hand, many millions nf such molecules may he made to act to- 
gether, by concentrating them in the foci of lenses or mirrors, 
and the efiecte of their impulse might be expected in this 
manner to be rendered evident, 'iliis apparently easy test 
of the materidlity of light was appealed to by many exjieri- 
mental philosophers of rhe last century, and with various 
results. The effects observed by Homberg, Michell, and 
others, have heen traced, however, with much probability tu 
extraneous causes, (such as aerial currents produced by uii- 
ecjual temperature :) and it is now universally conceded that 
no sensible effect of the impulse of light has been ever per- 
ceived. The experiments of Mr. Bennet seem to be deci- 
sive on this point. In these experiments a slender straw 
was suspended hoHsontulty by means uf a single libre of the | 
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spiiier's thread. To one end of thU delicately BU8i>cndcd 
lever was attached a ismall piece of white psjier, and the 
whule wna inclosed in a glass vessel, from which the air was 
withdrawn by the air-pump. The sun's rays were then con- 
centrated by means of a large lens, and suffered to fuU upon 
the paper, but without any perceptible eSect. 

But these cspcrimeute, though they have failed in sd- 
ducinj^ evidence in favour of the material hypothesis, cannot, 
on tlic other hand, be said to be conclusive against it. 
However small the limit which may be thus assigned to the 
mmnetttum of a single particle of light, it is easy to attribute 
to it a maw of corresponding minuteness; and in whatever 
point of view we contemplate the phenomena of light, we are 
forced to deal with magnitudes which almost bewilder the 
imagination. It is only by the effects of light upon light (it 
appears to me) that the question of its materiality can be 
fairly tried by direct experiment; and 1 have long thought 
that the simple fact of the crossing of the rays at the focus of 
a lens kU/iouI disturbaace is decisive on the question. There 
are certain phenomena wliich (it will be presently shown) 
compel the advocates of the theory of emission to suppose, 
that the molecules of light are not shot off from the lumi- 
nous origin at random, but at re/rular intervals; so that 
(hey must form concentric spherical surfaces. If then a lens 
be placed so as to receive the rays ])erpendicularly, it is ob- 
vious that ((/^ the molecules of one of these surfaces, which 
fall upon any one annulus of the lens, must meet at its focus. 
It is needless to dwell upon the consequences of such an im- 
pact. There is nothing in the phenomena of refraction which 
can justify the assumption that it has taken place. 

But the actual velocity of light is not the only difficulty 
which the theory of emission has to encounter at the very 
outset. The discoveries of astronomy have further revealed 
that this velocity is one and the same, whether tlie light is 
directly emitted from the sun or a fixed star, or reflected 
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from a planet or its satellite ; that the velocity of light is, in 
sliort, iDdependent of the luminous source, as well as of the 
subsequent modifications wliicli it undergoes in the celestial 
spaces. It is not easy to account for these facts in the 
theory of emission. The emissiTe force required to produce 
the known velocity is calculated to he more than a million of 
million times greater than the force of gravity at the earth's 
surface ; aud is it to be supposed that this prodigious force 
is tfie same for all the various and independent bodies of the 
starry universe, and that it acts equally on all the particles of 
light, so as to generate in all the same velocity ? Yet even 
this assumption, umiatural as it is, will not avail. Laplace 
has shown, that if the diameter of a fixed star were 250 times 
as great as that of our sun, its density being the same, its 
attraction would be sufficient to destroy the whole momen- 
tum of the emitted molecules, and the star would he invisible 
at great distances. With a smaller mass there will be of 
course a proportionate retardation, so (hat the final velocities 
will be different, whatever he the initial ones. The sugges- 
tion of M. Arago seems to offer the only way of escaping the 
force of this objection. It may he supposed that the mole* ' 
cules of light are originally projected with very different ve- 
locities, hut that among these velocities there is but one 
which is adapted to our organs of vision, and which pro- 
duces the sensation of light. This supposition seems to be ' 
supported by the discoveries of Herschel, Wolkston, and 
Hitter, respecting the invisible rays of the spectrum ; but it 
does not appear to be easily reconciled to any hypothesii 
which we are able to frame respecting tlie nature of vision. 

The uniform velocity of light is, on the other hand, an 
exact and immediate consequence of the principles of the 
wave-theory. It follows from these principles, that the velo- 
city with which vibratory movement is propagated in aa 
elastic medium depends in no degree on the exciting cause, 
but varies solely with the elasticity of the medium and its 1 
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density. If these then be supposed to be uniform in the vast 
spaces which intervene between the material botlies of the 
universe, (ami it is hard to suppose it otherwise,) the velocity 
will be the same, whatever be the luminous origin. 

The rectilinear motion of light Iiaa long been urged in 
favour of the theory of emission, and against the wave- theory. 
If light consists in the undulations of an ethereal medium, (it 
has been said) as sound consists in the undulations of the 
air, it should be propagated in nil directions from every new 
centre, and so bend round interposed obstacles. Thus lu- 
ntinoua objects should be visible, even when an obstacle is 
between them and the eye, (just as sounding bodies are 
heard, though a dense body may be interposed between 
them and the ear,) and s/iadows could not exist. 

To this objection (which was that chiefly urged by New- 
ton himself) it might be enough to reply, that though vibra- 
tory motion in an elastic medium is propagated in all direc- 
tions from every new centre, yet we have no reason to as- 
sume that it is propagated with the satae iiUeimft/ in every 
direction, however inclined to that of the original wave. 
Judging from analogy, we should rather say that there ia 
every reason for an opposite conclusion ; for there are a 
multitude of facts which prove that sound is not propagated 
with the same uitensity in all directions, liowcver incUned to 
the direction of the original motion. Now, if there be ant/ 
difference between the intensity of the direct and lateral pro- 
pagution, we may suppose this difference to be ever so great ; 
i. e. we may suppose the ethereal medium to be so consti- 
tuted that the intensity of the laterally propagated vibration 
shall be insensible. 

But the solution of the difficulty rests upou more solid 
grounds than loose analogy. We can apply the strictest 
mathematical calculation to the problem, and arc able to 
show that the observed facts are in complete accordance 
with the deductions of a priori reasoning. Before we enter 
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on this subject, however, it will be necessary to consideri 
eoinewhat more niiiiut«Iy, the nature of a wave, and its mode 
of propagation. 

Let us conceive, then, a cord stretched in a horizontal 
position, one end being attached to a fixed point, and the 
Other held in the hand. If the latter extremity be agitated, 
by the motion of the hand up and down, a series of waves 
will be propagated along the cord, each of which wilt ad- 
vance uniformly. Here it is evident that each particle of 
the cord bas merely a vibratory motion in a vertical direction. 
But as this vibratory motion is communicated from one par- 
ticle to the next, from that again to the succeeding, — and so 
on, along the whole length of the cord, — it will follow that 
some of the particles will reach their highest position, when 
others are in the lowest; and that other particles, inter- 
mediate to these, are neither in their highest or their lowest 
po.sition, biit in some intermediate etage of their vibration. 
Thus, while each particle moves only to and fro vertically, 
an undulation or wave will be propagated horizontally along 
the string; and there will be a succession of similar undula- 
tions as long as the original disturbance continues. The 
particles a, a', a", {fig. I.) or the particles b, b', b", &c. are 
said to be in simWar phaset of vibration. The wave, or un- 
dulation, consists of all the particles between two which are 
in similar phases, — as between a and a*, or between b and b' ; 
and the lenglh of a ware is the distance between them esti- 
mated in the direction in which the motion is propagated. 
It is evident from this description that a wave, or undulation, 
comprises particles in every phase of their vibration, 

Now, instead of a single string, let us suppose an infinite 
number, all diverging from the same centre ; and let us sup- 
pose tliat they arc each caused to undulate by a disturbing 
action at that centre, acting in a similar manner, and in the 
same degree, on all. It is obvious then that an undulalion 
will be propagated along all the strings, and that these un- 
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dulations will be equal in magnitude, and will be propagated 
with the same velocity, provided the strings be equal in ten- 
sion, elasticity, and other respects. In this case, then, simi- 
lar waves will be propagated to points equally diislant from 
the origin of disturbance in the same time ; and all the points 
which are in a similar phase of vibration will be situated on 
the surface of a sphere, of which that origin is the centre. 

Now, in the place of the actual strings we have been 
considering, let ua imagine rows of ethereal particles con- 
nected by their mutual actions, and the whole of what we 
have said will apply to the propagation of light, the lumi- 
nous body being the source of disturbance, ^^'c can easily 
understand, then, how in the same medium an undula- 
tion may be propagated spherically from the luminous cen- 
tre. The length of the wave is the distance, estimated in 
any direction from the centre, of two particles w hich are in 
similar phases of vibration j and it is therefore the space 
through which the vibratory movement is propagated in the 
lime of a single vibration. Accordingly if A denote the length 
of the wave, T the time of vibration, and v the velocity of 
wave-propagation, \ =. vt. 

We have hitherto considered the propagation of vibra< 
tory movement without reference to any diversity in its na- 
ture. It is obvious, however, that vibrations of any kind 
may differ from one another in two particulars, — namely, in 
the tpace of tibratiou, and in the lime. In the aerial pulses 
the amplitude of the vibration determines the loxtducM of 
the sound ; and the frequency of the pulses, or the time of 
vibration, determines its note. In like manner the amplitude 
of the etheretU vibrations determines the intensily of Ike 
light; and their frequency, or the period of vibration, deter- 
mines the colour. Thus, two lights may differ from one 
another in intensity and colour, the former depending (ac- 
cording to tlie wave-theory) on the space of vibration, and 
the latter on the time. 
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But though the intensity of the light is obviously de- 
penilcnt on tlic amplitude of (he vibration, jet it does not 
appear, a priori, by what power of the amplitude it is to be 
represented. In fact, we must define what we mean by a 
double, triple, &c. quantity of light, before we can know how 
that quantity is to be mathematically measured. If then we 
Bay that a dotAle light is the sum of the lights ]iroduced by 
tiDo luminous origins of equal intensity, placed close toge-, 
ther, it is easy to prove that the quantity of light, in gene- 
ral, is measured by the square of the amplitude of the vibra- 
tion. From this it follows that the intensity of the light 
diverging from any luminous origin must decrease inversely 
as the square of the distance ; for, from the laws of wave- 
propagation it appears that the space of vibration diminishes 
in the inverse simple ratio of the distance. Thus the known 
law of the variation of the intensity of light is deduced from 
the principles of undulatory propagation. 

The colour ,o{ the light {we have said) depends on the 
number of impulses which the nerves of the eye receive, in a 
given time, from the vibrating particles of the ether; — tha 
sensation of rio/c( colour being produced by the most fre- 
quent vibrations, and that of red by the least frequent. Now 
the number of vibrations performed in a given time variea 
inversely ns the lime of a single vibration. The colour of 
the light, therefore, varies with ihe time of vibration, or with 
the lengltt of the waiv. By experiments, which will be de- 
scribed hereafter, it has been found that the length of a 
wave corresponding to the extreme red of the spectrum is 
6 ten-mi I lionths of an inch, and that corresponding to 
the extreme ciolel 167 ten-millionths. Tlie length of the 
wave corresponding to the ray of mean rcfrangibilily is 
nearly 300 ten-millionths, or jgJnti'l' ^^^^ i"*^''* '•■ appears, 
then, that the sensihihty of the eye is confined within much 
narrower limits than that of the ear ; the ratio of the limes 
of the extreme vibrations which affect the eye being onl^ 
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that of 1.58 to I , which is less than the ratio of the times of 
vibration of a fundamental note and its octave. There is no 
reason for supposing, however, that the vibrations them- 
selves are confined within these limits. In fact, we know 
that there are invisible rays beyond the two extremities of 
the spectrum, whose periods of vibration (and length of wave) 
must fall without the limits now stated to belong to the visi- 
ble rays. 

Analysis seems to indicate that the velocity of wave-pro- 
pagation is always the same in the same homogeneous me- 
dium, and is independent both of the space of vibration and 
of the time. Tims nil sounds, whether loud or low, grave 
or acute, travel in the same medium with the same velocity; 
und it would seem, in like manner, that light, if it consisted 
in the undulations of an ethereal medium, should be propa- 
gated with the same velocity, whatever be its intensity or 
colour. We shall presently see that this conclusion must he 
restricted. 

Let us now proceed to consider the phenomena which 
take place when light encounters a new medium. In this 
case, you are all aware, it is either ficnt back into the me- 
dium in which it has been moving, the incident and reflected 
rays making equal angles with the surface ; — or else it enters 
the new medium, (hough in an altered direction, the cosines 
of the inclinations of the two portions of the ray to the 
bounding surface being in an inv.iriable ratio. 

To account for these phenomena of reflexion and refrac- 
tion, it is supposed, in the Newtonian tlieory, that the par- 
ticles of bodies und those of light exert a ntutual action ; — 
thai, when they are nearly in contact, this action is attrar- 
lice : — that, at a distance a little greater, the attractive force 
is changed into a repuhice one ; — and that the attractive 
and repulsive forces succeed one another, probably for many 
attemationB. Nothing can be more reasonable than this hy- 
pothesis, granting that light is material; for the aticcoBsion 
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of attractive and repulsive forces, here nssumed, is altoge- 
ther similar to that to which the phenomena of molecular 
action ore ascribed. On these suppnsitions Newton has 
rigorously deduced the laws of reflexion and refraction. 
It 18 shown, in the former case, that the whole perpendi- 
cular velocity of the molecule is restored to it in an oppo- 
site direction, by the operation of the repulsive force ; and 
therefore, that the angles which its path makes with the 
perpendicular to the surface, before and after reflexion, are 
etju.'il. In the latter case it is proved that the effect of the 
attractive force is to increase the perpendicular velocity of 
the molecule, and by an amount which is constant for the 
same medium ; from which it follows, that the sines of the 
angles which the course of the ray makes with the perpen- 
dicular to the surface, before and after refraction, are in an 
invariable ratio, — that ratio being the inverse of ihe ratio of 
the velocities in the two media. I will not detain you further 
on the steps of this deduction, as it ia to be found in the 
Principia, and in other works in the hands of all. Suffice it 
to say, that the problem is the first in which the effects of 
that important class of forces, acting only at insensible dis- 
tances, has been submitted to calculation ; and that its solu- 
tion is regarded by M. Poisson as forming an era in the his- 
tory of science, 

But though the theory of emission is perfectly successful 
in explaining the laws of reflexion and refraction, considered 
as distinct phenomena] yet it is by no means equally so in ac- 
counting for their connexion and mutual dependence. When 
a beam of light is incident on the surface of any transparent 
mediimi, part is, in all cases, transmitted, and part reflected ; 
the intensity of the reflexion being less, the less the diffe- 
rence of the refractive indices of the two media, and the re- 
flexion ceasing altogether when this ditfcrencc vanishes. 
How is it then that some of the molecules obey the in- 
fluence of the repulsive force, and are reflected ; while others 
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yield to the attractive force, and are rerracted ? To account 
for this Newton was obliged to have recourse to a new hy- 
jmthesis. The molecules of light, in their progress through 
epace, are supposed to pass continually into two alternate 
states, or fits, which recur periodically and at equal intervals. 
While in one of these states, called the^V of easy reflexion, 
they are disposed to obey the repulsive or reflective forces 
of the hody which they meet ; and, on the other hand, they 
yield more readily to the attractive or refractive forces, 
when in the alternate state, or jit of easy transmission. Now 
the molecules composing a beam of common light are sup- 
posed to be in every possible stage of these fits, when they 
reach the surface ; — some of them in a fit of reflexion, and 
others in a fit of transmission. Some of them, consequently, 
will be reflected and others refracted, and the proportion of 
the former to the latter will increase with the incidence. 

To account for the fits themselves, Newton assumed the 
esiflicnce of an ethereal medium, analogous to that of Huy- 
gens, although he did not assign it the same ofBce. The 
molecules of light were supposed to excite the vibrations of 
this ether, just as a stone flung into water raises waves on its 
surface. Thia \ibratory motion was supposed to be propa* 
gated with a velocity greater than that of the molecules; so 
as to overtake them, and impress upon them the disposition 
in question by conspiring with or opposing their progressive 
motion. In one of his queries Newton has eveu calculated 
the elastic force of this ether, as compared with timt of air, 
in order that the velocity of propagation should exceed thnt 
of light. 

1 need not dwell upon the physical account of the fits 
given by Boscovich, or that suggested by Mr. Melville and 
maintained by M. Blot, The theory itself has now lost much 
of its credit, since the phenomena ofthe colours of thin plates 
(phenomena which first suggested it to the mind of Newton) 
liavc been shown to be irreconcileable with it. The expla- 
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nation which it yields of the facts now under consideration ir' 
alike inconsistent with phenomena. In fact, the molecules 
which are transmitted, arc not all in tlie maj:imunt of tlje fit 
of transmiBsion ; but are supposed to reach the surface in 
every possible stage, or phase, of this, which may be called 
the positive fit. But as a change of the fit from pogitive to 
negative is, in general, sufficient to overcome altogether the 
effect of the attractive force, and subject the molecule to the 
repulsive, it is obvious that the phase of the fit must modify 
the eSects of these forces in every intermediate degree ; and 
that the molecules wliich do obey the attractive force, must 
have their velocities augmented in different degrees, de* j 
pending on their phase. Hence, as tlie direction of the i 
fracted ray depends on its velocity, the transmitted beam i 
should consist of rays refracted in widely different angles, 
and should be scattered and irregular. 

Let us now turn to the account which the other theory 
gives of the same phenomena and of their laws. 

The velocity of propagation, in the wave-theory of light, 
depends on the elasticity of the vibrating medium as com- 
pared with its density. In the same homogeneous medium 
the velocity will be therefore constant, and the wave propa- 
gated from any centre of disturbance xp/iericat. But when 
a wave reaches the surface of a new medium whose elas- 
ticity is different, it will give rise lo two waves, one in each 
medium; and both. differing in position from the origin^ 
wave. In fact, it is obvious that, in general, the several por- 
tions of the incident wave will reach the bounding surface at 
different moments of time. Each of these portions will he the 
centre of two new waves, one of which will be propagated 
in the first medium with the original velocity, while the 
other will be propagated in the new medium, and with the 
velocity which belongs to it; so that there will be an infi- 
nite number of partial wares in both media, diverging fi 
the several points of the bounding surface. But, by tiM 
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principle of the coexistence of small motions, the agitation 
of any particle of either medium is the sum of the agitationB 
sent there at the same instant from these several centres 
of diaturbance. The surfaces on which these are accu- 
mulated will be the reflected and refracted waves, and they 
are obviously those which toacli all the small spherical waves 
at any instant. 

Thus, let mn (fig. 2.) be the front o(& plane wave, meet- 
ing the reflecting surface at »i. Each portion of this wave, 
as it reaches the surface, becomes the centre of a diverging 
spherical wave, which will be propagated with the velocity of 
the original wave. Accordingly, when the portion n reaches 
the surface at i, the portion m will have diverged into the 
spherical wave whose radius, mo, is equal to nk. And, in like 
manner, if m'n' be drawn parallel to mn, the wave diverging 
from m' will in the same time have reached the spherical sur- 
face whose radius, m'o', is equal to n'i. Tlie surface which 
touches all these spheres at any instant is that of the 
reflected wave. But, as mo and m'o' are proportional to mk 
and m'i, it is obvious that this tangent surface is plane ; and 
since mo =: nk, and the angles at n and o are right, it follows 
that the angles tank and okm are equal, — or that the incident 
nnd reflected waves are equally inclined to the reflecting 
surface. 

The proof of the law of refraction is in all respects ana- 
logous to the preceding. Let mn (lig, 3.) be the position oS 
the incident plane wave at any moment. In an interval of 
time proportional to nk, the portion n of this wave will have 
reached the surface at k, and the portions m and m will have 
1>ecome the centres of diverging spherical waves in the se- 
cond medium, — the radii of these spheres, mo and m'o', being 
to the intercepts, nk and nk, in the constant ratio of the ve- 
locities of propagation in the two media. The surface which 
touches these spheres is that of the refracted wave. It is 
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obvious, as before, that it is plane; and, since sm timi 
: aio Jtiio :: nk : mo, we learn that llic sines of the angles 
which the incident and refracted waves make with the re- 
fracting surface, are in the constant ratio of the velocities of J 
propagation. 

Such is the demonstration of the laws of reflexion and | 
refraction given by Hnygens. The composition of the ( 
grand or primary wave, by the union of the several secon- 
dary or partial waves, in this demonstration, has been dc- ' 
nominated the tmncipte of Huygens; and it is obviously a 
case of the more general principle of the coexistence of small 
motions. It easily follows from this mode of composition 
that the surface of the primary wave marks the extreme 
limits to which the vibratory movement is propagated in any 
direction in any given time ; so that light is propagated from 
any one point to anothev in the U-ast possible time. This is 
the well known law gf Fermat, — the law of swiftest propa- 
gation ; and it will appear from what has been stated, that 
it holds whatever be the number of modifications which the 
course of the light may undergo by reflexion or refraction. 
This law may be thus enunciated — " The course pursued 
by any reflected or refracted ray is that which would be de- 
Ecribcd in the least possible time, by a body moving from 
any point on the incident to any point on the reflected or 
refracted ray." If / therefore denote the length of the path 
described by the incident light, between any assumed point 
and the point of incidence, V the corresponding length of 
tlic path described by the reflected or refracted light, and 
V and v the velocities of propagation, the sum of the times, 

/ f 

--\ — T is a minimum; or, multiplying by r, ami denoting tlie 
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III tWcase of reflexion, ji = '. and t + l' is a miiiimutn. 
'ITic course pursueJ by a reflected ray is therefore sucli that 
the sum of the paths described between any two points and 
the reflecting surface is the least possible. The constant 
factor, ft, in the case of refracted light, is the refractive index 
of the medium. 

Tlie intensity of the Ught in the reflected and rufracted 
waves will depend on the relative densities of the ether in 
the two media. For we may compare the contiguous strata 
of ether in these media to two clastic bodies of different 
masses, one of which moves the other by impact ; and it is 
easy to deduce, on this principle, the intensities of the re- 
flected and refracted light in the case of perpendicular in- 
cidence. 

On reviewing what has been said, we cannot but be 
struck by the remarkable fact, that theories so widely op- 
posed as the theory of emission and that of waves should 
lead matlicmatically to the same result. According to both, 
we have seen, the ratio of the sines of incidence and refrac- 
tion is equal to the ratio of the velocities of light in the two 
media, and therefore constant. But there is this important 
difference between them : in the wave-theory, the sines of 
these angles are in the direct ratio of the velocities, while, 
according to the theory of emission, they must be in the in- 
verte. In other words, the velocity of light in the denser 
medium must be less according to the principles of the for- 
mer theory; while, according to the latter, it is greater. 
Here then the rival theories are directly at issiie upon a 
point of fact, and we have only to ascertain how this fact 
stands, in order to be able to decide between thera. The 
important e:speriment by which this is accomplished was 
made by M. Arago ; and the result, as we shall see in our 
next lecture, is conclusive in favour of the wave-theory. 

It remains to say a few words of the dujierrion of light. 
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To account for tliifi phenomenon, the modem advocales of 
the theory of emission have been forced to assume that 
the molecules of light are heterogeneous, and that the at- 
tractions exerted on them by bodies vary with their nature, 
being in tliis respect analogouG to chemical affinities. This 
supposition, aa Dr. Young has justly observed, is but veil- 
uig our inability to assign a mechanical cause for the phe- 
nomenon. 

According to the principles of the wave-theory, the colour 
of light is determined by the frequency of the etliereal vibra- 
tions, or by the length of the wave; — the longest waves pro- 
ducing the sensation of red, and the shortest that oi violet. 
Now observation proves that the refractive index, {or the 
ratio of the velocities of propagation in the two media,) ia dif- 
ferent for the light of different colours. The advocates of 
the wave-theory are therefore forced to conclude that tha 
Telocity of propagation in a refracting medium rariea wiith 
the tengtit of the tcaiv. Here, then, we encounter a difficulty 
in this theory, which has long been regarded as the most 
formidable obstacle to its reception. Theory seemed to in- 
dicate that the velocity of wave-propagation was constant in 
the same medium, and depended solely on the elasticity of 
the medium as compared with its density. That velocity, 
therefore, should be tlic same for light of all colours, as it ia 
for sound of all notes ; and all rays should be equally re- 
dacted. 

I will not dwell on the various attempts which have been 
made to account for this apparent discrepancy of observation 
and theory. The difficulty appears at length to have been over- 
come by the analytical skill of M.Cauchy. In fact, the conclu- 
aion of analysis to which we have just adverted, — nnmely, that 
the velocity of wave- propagation is constant in tlie same ho- 
mogeneous medium, — ia deduced on the particular suppo- 
sition that the sphere of action of the moleciUes of the vi- 
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brating medium is indeSnitely small compared witli the 
length uf a wave. This restriction, you will observe, is but 
a mathematical fiction, adopted for the purpose of approxi- 
mating to the solution of a problem, which, in its entire 
generality, seemed to defy the powers of analysis. If this 
reatrictioD be removed, we have no longer any ground for 
concluding that the waves of difFcrent lengths will be propa- 
gated with the same velocity ; and the mathematical conclu- 
sion hitherto acquiesced in must be regarded but as the 
approximate result of an incomplete analysis. It was in this 
point of view that the problem presented itself to M. Cauchy. 
In the profound researches of this mathematician relating to 
light, the ether is considered as a sjstem of particles so- 
licited by mutual attractions and repulsions ; and from the 
partial diSerential equations which represent their move- 
ment, he had already deduced the laws of propagation in 
crystallized, as well as homogeneous media. These equa- 
tions, however, were but approximate, and derived from 
others of greater generality by the omission of certain terms, 
which it was supposed could not influence the result. Re- 
suming the problem of wave-propagation with the more ge- 
neral equations, he has at length arrived at the desired con> 
elusion, — that there exists, generally, a relation between the 
velodly o/' propagation (or the refractive index) and the 
length of the wart ; and, therefore, that the rays of diffe- 
rent colours will be differently refracted. The relation to 
which I have lUuded is expressed by an equation which in- 
volves two arbitrary constants depending on the nature of 
the medium. These constants will be determined, therefore, 
when we know two values of the refractive index corres- 
ponding to waves of known length ; and the equation may 
thenceforward be a])plied to compute the refractive index 
in the same medium corresponding to any other assumed 
value of the length of the wave- This has been done by 
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Professor Powell for a great number of media, and the de- 
duced values of the refractive index have been compared 
with those observed by the accurate method of Fraunho- 
fer. The differences do not appear to surpass the limits of 
the errors of observation. 
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INTERFERENCE OF UGIIT. 



(jENTLEMEN, — In OUT lost lecture we considered tbc mode 
^ propagation of a luminous wave, and the modifications 
which it underwent on encounterinji tlie surface of a new 
medium. We may now proceed to inquire wliat will be the 
effect, when two scries of waves are propagated simulta- 
neouslj from two near luminous origins. 

It is obvious that when two waves, — one proceeding from 
each origin, — arrive at any instant at the same point of space, 
the particle of ether there will be thrown into vibration by 
both ; and we are to consider what will be the result of this 
double vibration. Now, it is demonstrated by analysis, that 
when two small vibrations arc communicated at the same time 
to a material point, each of them will subsist independently of 
the other ; and the motion of the point will in consequence be 
the resultant of the motions due to each vibration considered 
separately. This principle ia denominated the sui>er]ioiition 
of small Motioru. Its truth n)ay be made clear by a simple in- 
stance. Let a pendulous body receive an impulse in any 
plane passing through the point of suspension. It will then, 
of Gourde, vibrate in that plane. Now, at (he lowest point 
of the arc of vibration, let a second impulse be given to the 
moving body in a direction perpendicular to the plane in 
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which it already vibrates. This impulse, if communicated to^ 
the body at rest, would cause it to vibrate in a plane at right 
angles to the former, and through an arc depending on the j 
magnitude of the impulse. Now it will be found on trial that ] 
the distance of the body from the vertical, measured in either 1 
of these planes, is the same at any instant as if the other vi- ] 
bration did not exist ; so that each vibration subsists inde- 
pendently of the other, and the result will be a compound \ 
elliptical vibration. We have here supposed the coexisting 
vibrations to take place in separale planes, in order that their 
independence may he more distinctly recognized. When 
the two Ti-ibrations are in the same plane, it is obvious that 
the resulting vibration will be also in that plane ; and that 
its amplitude will be the turn of the amplitudes of the cota- 
ponent vibrations when their directions conspire, but their i 
difference when they are opposed. | 

Let ua transfer this to the case of light : — Let us suppose 
that two sets of waves start at the same time from two 
near luminous origins, (whicli, for simphcity, we shall assume 
to be of equal intensity,) and that a distant particle of ether 
is thrown into vibration by both at the same time. Then, 
supposing that these two vibrations are performed in the 
same plane, it follows from what has been said, that, when 
their directions conspire, they will be added together, and 
the resulting space of vibration will be double of either; and, 
on the contrary, they will counteract one another, and the 
resulting vibration will be reduced to nothing, when their 
directions are opposed. 

It is evident, further, that the direcliotit of the vibrations 
will conspiiv, and therefore the space of vibration be dou- 
bled, when the two waves arrive in the same phiise; and that, 
on the contrary, their directions will he opposed, and the re- 
sulting vibration reduced to notliing, when they arrive in . 
ep/mtUe phatet. Let the waving lines ab and a' a', or ab a 
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a*'b" (fig, 4.) represent the Iwo undulations ; the distance of 
any particle from its state of rest being represented by the 
ordinate, or perpendicular, at the corresponding point of the 
horizontal or nteaa line. Then, if the undulation a'b' be su- 
perposed upon An, the corresponding points of each being io 
the same phase, it is evident that the distances by wliicli the 
particle at any point is removed from its state of rest by each, 
mn and m'li, vill be added together, and the space of vibra- 
tion doubled. Whereas, if the undulations a"b" and ab, 
whose corresponding points are in opposite phases, be su- 
perposed, the distances from the position of rest, mn and 
mi'm", lie on opposite sides of the mean line, and when atlded 
togciYxer destroy one another. Thus the space of vibration 
is doubled when the waves arrive at the same point in the 
same phase : it is annihilated, when they arrive in opposite 
phases. Now the intensity of the light is as the square of 
the space of vibration. T lie intensity therefore is guatlruplcd 
in the former cofe, and destroyed in the latter. 

We have here taken, for the sake of illustration, two of 
the most important cases, — those, namely, in which the co- 
existing undulations are in complete accordance, or complete 
discordance. When this is not the case, and the waves 
meet in some intermediate stage of the vibratory movement, 
the pasiiioH of the maximum vibration will be altered as well 
as its magttilude; and the rules for their composition bear a 
close analogy to the well known rule for the composition of 
forces. 

We learn, then, as a result of the wave-theory, that two 
lights may cither augment each other's efiects ; or they may 
partially, or even wholly, destroy one another, and thus, by 
their union, produce complete darkness. 

Before we proceed to examine more particularly this in- 
dication of theory, wo may observe that it ia altogctlier ana- 
logous to what is known to take place in other cases of vi- 
bratory motion. If two waves of water arrive at the some 
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point Kt tlie same instant, in such a manner that llie crest 
of one wave coincides willi that of the otiier, their cffcctn 
will be adtlcil together, and the water at that point ^ 
be raised into a wave whose height is the sum of tlie heightd 
of the conspiring waves. If, on the otiier hand, the crest ofl 
one wave coincides with the sinus or depression of the otherfJ 
the height of the resull.-int wave will be the difference of thai 
components ; and when these are equal, the resultant waval 
wiU entirely disappear. 

We have a magnificent example of these eftbcts in the"! 
well known phenomena of the spring and neap tides ; thffl 
tidal wave in the former case being the sum of the naves 1 
caused by the action of the sun and moon, and in the latter 1 
their difference. The peculiarity of the tides in the port o?^ 
Batsha furnishes a still more striking instance of the princi- 
ple of interference. The tidal wave reaches this port by two 
distinct channels, which are so unequal in length that the 
time of arrival by one passage is exactly six hours longer 
than by the other. It follows from tliis that when the crest 
of the tidal wave, or the high water, reaches the port by one 
channel, it is met by the depression, or totv nxiter, coming 
through the other ; and when these opposite eQ'ects are also 
equal, they completely neutralize each other. At particular 
seasons, therefore, when the morning and evening tides are 
equal, there is no fide whatever in the port of Batsha; while 
at other seasons tliere is but one tide in the day, whose 
height is only the difference of the heights of the usual 
morning nnd evening tides. The disappearance of the 
diurnal inequality in the port of London has been recently 
shown by Mr. Whewell to depend on a similar interference 
of two tide-waves, one of which reaches this port by the 
English channel, while tlie other arrives there twelve hours 
later, having taken the circuit of the northern const. 

Analogous phenomena take place in sound, and produce 
the coincidences or beats in music. You will easily tin- 
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ilerstnni], from wliat lias been said, tbat these effects occur 
when tlie conJensed part of tlic aerial pulse arising from 
one origin of sound coincides with the rarified part of 
that proceeding from the other. They are often heard 
during the playing of a large organ, and give rise to the 
swelling and fulling sounds which nc hear, especially among 
the lower notes of the instrument. 

The interference of the aerial puUes may be exhibited in 
a more instructive form. Let a compound tube be taken, 
consisting of two equal and siimtlar branches terminating in a 
common trunk. It is evident, then, tbat if the air be thrown 
into the tame state of vibration at the extremities of the two 
branches, — the particles going and returning simultaneously 
in both, — a ilouble vibration vrili be propagated to the extre- 
mity of the main trunk, and may be rendered sensible by the 
agitation of the particles of sand on a stretched membrane. 
If, on the other hand, the air be in opposite states of vibra- 
tion at the extremities of the branches, these will neutralize 
one another in the trunk, and the membrane and the sand will 
be quiescent. The conditions here described are attained 
by bringing the ends of the brunches over the parts of a vi- 
brating plate which arc in similar, or in opposite states of 
vibration ; and the result is satisfactory and conclusive. 
When the length of the tube is such that it is in unison with 
the vibrating plate, it wUl utter a distinct sound in the one 
case, while in the other it will be silent. This ingenious ex- 
periment was devised by Mr. Hopkins. The alternate aug- 
mentation and intermission of sound observed by Or. Voung, 
when H tuning fork is turned round its axis at a short dis- 
tance from the ear, are easily referred to the same prin- 
ciples. 

That two lififUt, then, should produce darkitets, is a result 
of (he same kind as that two sounds sliould cause lilence, or 
that two waves should make a dead level. But we are not 
left ttf^onatogy alone fur the proof of ihiii remarkable conse- 
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quencc of the wave -theory of light. The phenomenon itself 
has been established by the most direct and convincing efi^j 
periments, and we shall soon see that it is observed in 
multitude of cases where its existence was at first little sus- 
pected. 

This important law, — well known under the name of the 
interference of light, —was for the first time distinctly stated 
and established by Dr. Thomas Young, although some facts 
connected with it were known to Grimaldi. The latter 
writer had even explicitly asserted that " an illuminated' 
body may be rendered darker by the addition of light," anA- 
adduced a simple experiment in proof of it. Grimaldi'a 
experiment was as followa. Let the sun's light be admitted 
into a darkened chamber through two small and equal aper- 
tures of a circular form. Two diverging cones of light will 
be thus produced ; and each of these cones will be sur- 
rounded by a penumbra in which the illumination is only 
partial. Now let these two beams be received on a scre^t 
at some dislance, where the penumbras of the two cone* 
overlap. It will be then observed, that although the greater 
part of this doubly illuminated space is brighter than the pe- 
numbra of one cone alone, yet the boimdaries of the overlap- 
ping portions are much darker than the other parts of the 
penumbras which do not overlap ; and if one oftlie beams be 
intercepted by an obstacle, this dark part will recover the 
brightness of the rest. Thus darkness may be produced by 
adding light ; and, on the other hand, by withdrawing a por4< 
tion of the light we may augment the illumination. 

This interesting experiment assumed a more distinct oiul' 
decisive character in the hands of Dr. Young. If the twO' 
apertures, in Grimaldi's experiment, be reduced to 
small size, and brought close together, and if the origtnd 
light be homogeneous, we shall observe a seriea of alter*! 
natc bright and tlar/i bands, formed at those points whei 
the waves proceeding from the two origins conspire or artf' 
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That these alternations of light and darkness are 
caused by the mutual action of the two beams, is proved 
by the fact, — that if one of the beams be intercepted by 
closing one of the apertures, the whole system of bands will 
disappear, and the light which remains become of uniform 
intensity. By withdrawing one of the lights, then, the dark 
intervals recover their brightness and become luminous ; so 
that darkness, in this case, must have been produced by the 
the action of one light on the other. 

We shall best understand the circumstances of this phe- 
nomenon, by considering what takes place in another more 
familiar case of interference. If two atones be flung at the 
same instant into a pool of stagnant water, a series of circu- 
lar waves will be propagated from each of the two centres 
of disturbance; and where these two sets of waves crosn, 
they will produce effects similar to those we have been 
describing in the case of light. Where the crest of one 
wave falls upon the crest of another, they will be added to- 
gether, and form a higher crest, or ridge, on the surface. 
And, on the contrary, where the crest of one wave meets the 
hollow, or sinus, of another, they will counteract one ano- 
ther's effects, and the water will stand at that point at its ori- 
ginal level, as if undisturbed. It is obvious that there wUl 
be several sets of consecutive points of each class, or several 
hnes o£ double disturbance and no disturbance. One line of 
double disturbance, aa, (fig. S.) will be produced by the 
meeting of waves cqaidistant from the tuo centres; — as the 
first of one with the first of the other, the second of one -with 
the second of the other, &c. This hnc is necessarily ^rai^Af. 
On either side of this there will be aline, bb, b'b', consisting 
of those points where the first wave from one origin en- 
counters the second from the other, the second from one the 
third from the other, — of all those points, in short, whose dis- 
tances from the two centres differ by the length of a tingU 
waee. The next pair of lines, cc, ifc', consist of those points 
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whose distances from the two centres dillcr by tlic hiif^th of A 
two waves ; and so on. All these lines are hyperbolas, and . | 
on all of them the disturbance is doubled, and an elevated, J 
ridge raised on the surface. But there are likewise inter- 
I mediate lines composed of those points whose distances from 
' the two centres differ l>y half a ware, by a waie and half, by 
two waves and half, &c. On all these Unea, the creat of the 
wave from one origin meets the sinus of a wave from the 
other; and these, therefore, are the lines of uo disturbance. 
I They are evidently hyperbolas like the former. 

AH that has been now said applies strictly to the pheno- 
mena of light, in the aspect under which they are presented 
by the wave-theory. It has been already shown to be a 
consequence of that theorj', that when two luminous waves 
of equal intensity arrive at the same point in the sanw phase 
I of vibration, the intensity of the light will be quadrupled; — ■ 
that they will destroy one another's eflects, and produce 
darkness, when they arrive in opjiosite phases; — and, finally, 
that the intensity of tbe resulting light will be intermediate 
to these two extremes, when the waves meet in some inter- 
mediate stage of the vibratory movement. It is easy to un> 
derstand, therefore, in what manner the alternate bright and 
dark bands are accounted for. In the same medium the 
waves of any given length are propagated with a constant 
velocity. \Vhen therefore two series of waves of equal 
length diverge ut the same time from two centres, they will 
arrive at the same point in the same jihase, provided that the 
lengths of the paths traversed are equal, or difier by any 
y whole number qf' untlulatiotis. They meet in opposUe phases, 
f on the other baud, when the lengths of their paths differ by 
half a wave, or by on// odd multiple of half a wave. The cen- 
I tral bright band, then, is formed at those points where the 
\ distances traversed are equal. The next bright band oa 
either side is produced where the distances traversed diHer j 
by the length of one entire wave. The succeeding pair I 
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where the distances difTer by tu-o whole waves ; and so on. 
In the same manner, the first dar/r band is produced on cither 
side of the central bright one, and at points for which the 
distances traversed cliSVr by the length of Aa^awace. The 
second pair of dark bands where these distances differ by 
one wave and half; and so for Ihc others. 

Thus, in Young's experiment, if the light diverging from 
the two apertures o, and o', {fig. fi) be received on a screen, 
AD, it is found that the central bright band is formed at tlic 
point A, where the screen is intersected by the line pa, which 
bisects the line oo', and is perpendicular to it. The central 
band, therefore, is formed where the paths traversed by the 
two pencils are equal. There will be a doik band on either 
side of the central bright one, and, beyond these, a pair of 
bright bands. If wc measure the distances of one of these 
from the two apertures, we shall find that their difference, 
bo'— BO, is a constant quantity, whatever be the position of 
the screen. This difference is the length of a tcat-e. Be- 
yond these is a second pair of bright bands, the difference 
of whose distances from the two centres, co' — co, is double 
of the preceding, or equal to livo whole waves ; and in like man- 
ner, the difference of the lengths of the paths, at the place of 
each succeeding bright band, is found to be some exact mul- 
tiple of the first difference, or of the length of a wave. 

Performing the same measurements for the intermediate 
dark bands, we find that the difference in the lengths of the 
paths, where the first pair ia formed, is holf the difference, 
bo' — BO, or /ialf the leitgth of a wave. Tlie differences of 
the paths, at the place of each succeediug pair of dark bands, 
are found in like manner to be intermediate to the corre- 
sponding differences for the bright bands on either side, ui- 
to be equal to some o</f/ multiple of half a wave. 

The difference of the distances from the two apcrlnrea 
being constant for the successive points of the Mime band, it 
follows that these points must form an hyperbola, whose fuci 
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coincide with the two apertures. It will be easily seen thai 
the curvature of these hyperbolic lines ia very small, exccpS 
close to their vertices ; and that we may, without sensiblftf 
error, consider them as coincident with their asymptots. 

It is easy to determine the position of the bands, as de- 
pendent on the interval of the apertures, and on the distance 
of the screen. 

The place of any bright or dark band, m, (fig. 7.) is d 
termined by tbe condition that the diSerence of its distances^ 
from the two apertures, mo' — mo, is an integer multiple o^ 1 
the length of half a wave. Now, drawing the lines on, oV^ 1 
parallel to pa, and denoting the distance ap by b, the interval J 
of the apertures, oo', by c, and the distance &m by r, thai 
light-angled triangles omn, o'mn', give 

-TJ)- = *+<^'' 



om = i/ b'-i- { X — 



o'm= ^b'' + {x + icf=l> + 

the distance b being very great in comparison with t and <*• 
Hence 

„, . {x + jcf-ix-ic? 



^h 



b' 



But this difference is equal to « - , A being the length 
wave i we have, therefore, 

nb\ 



' in which the even values of n correspond to the places of the 
bright bands, and the odd values to those of the dark ones. 

The preceding formula enables us to compute the length 
of a wave of light, when the distances b, c, and a;, have been 
determined by accurate measurement. It has been found in | 
this manner that the length of a wave is .0000266 of an indi J 
for the extreme red rays ; .0000167 for the extreme violet; 
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nnd .OOOOSCS, or about the ^a^ of an inch, for the mean 
rays of the spectriim. 

But though the principle of interference seemed to be 
(Btablislied by the experiments and reasonings of Young, yet 
it was not freed from all question. It might be supposed 
that the light passing by the edges of the apertures, in the 
experiment last described, underwent modifications of some 
kind or other which produced the observed effects. It was 
therefore of importance to show that these effects were 
wholly independent of apertures or edges ; and that any two 
ffly* proceeding from the same luminous origin, and meeting 
uudcr a small obliquity, will interfere in the manner already 
described, whatever be the attending circumstances. This 
has been done by Fresnel ; and the experiment which he de- 
mised for the purpose has been justly ranked among the 
most important and instructive in the whole range of physical 
optics. 

Two plane mirrors are placed so as to meet at a very ob- 
tuse angle. A beam of light diverging from the focus of a 
lens U saSered to fall upon them ; .and there will be there- 
fore two reflected beams, whose directions are inclined at a 
very small angle- Here then are two beams diverging from 
the same luminous origin, and separated simply by reflexion 
at plane surfaces, without the intervention of edges, or of 
any thing accidental which can be regarded as contributiug 
to the result. These beams, lioweTcr, still interfere, and pro- 
duce a succession of alternate bright and dark bands, in the 
manner already explained. In order to satisfy ourselves 
that these bands arc in fact produced by the mutual action 
of the two beams, we have only to intercept one of them, by 
covering one of the mirrors, and the whole system instantly 
vanishes. 

Let on ond qh' (fig. 8) represent the sections of the two 

mirrors, which we shall suppose to be perpendicular to the 

plane of the diagram ; and let k be the luminous origin, or 

c Si 
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tlie focus of [lie lens in wliich the sun's rays are cencentrei 
Then taking tlic points o and o' at equal distances on opposUi 
sides of the mirrors, these points will be the foci of the t 
reflected pencils, or the points of divergence of the two 
beams. Now it is fr>und, in the first place, that the bands 
dve parallel to the line of intersection of the two mirrors ; 
secondly, that they are symmetrically placed on either side 
of a plane passing through this intersection, and through the 
point r, which bisects the interval between tlie two foci o and 
o' : and thirdly, that in proceeding from the mirrors, they axe .1 
propagated in hyperbolas, whose foci are o and o', and whoM 1 
common centre is p. 

These resiihs arc in exact accordance with theory. In 
feet, since o« = tik, and o*«'= n't, the difference of the paths 
traversed by tl>e reflected rays, knm and An'm, when they 
meet at m, is the same as if they had reached that point, dl- I 
verging directly from the points o and o', AH, then, that ' 
we have said respecting the interference of the pencils di- 
verging from two near luminous origins, will apply to thtl 
case. Since l-Q = oa = o'q, the line qp, which bisects the 1 
interval of the foci 00', is also perpendicular to it, and any ' 
point of it, as a, is equidistant from these two centres. The 
bands, therefore, are symmetrically situated with respect t© ' 
this line; and the distance, am, of the band of any order 

from the central band, is equal to j- . 

^ 00 

This distance is easily expressed in terms of ^»en quaA- j 

titles. For m — oq, cos oqi" — Iiq. cos oqp ; and 00'^ 2oP f 

= SitQ. sin OQp. But since the angles Xqo, kQo', are bisected 

by the lines gn and qh', it is easy to see that the angle oQ7 | 

(or the half of the angle oqoO is equal to the inclination of 

the mirrors. If then this inclination be denoted by t, and | 

the distances ^Q and qa by a and b, we have 

00'= 9a sin t, AP := « cos « + i = a + &; q.p. 
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! thererore the distance of the baiul of the ; 
the centre is expres§cd by the rurmuk 
(a + b),.k 
iia sin t 

I have found that the phenomenon of intcrFerence is 
displayed in a atriking manner by the mutual action ofA'- 
rect and ri-ftected hght ; and the e\|ieTinient in this form is 
much more manageable tlian thai of Frcsncl. We Iiave only 
to take a single piece of plate glass, or a metallic reflector, 
and place it in such a position that the rnys diverging from 
the luminous origin eIiuH he reflected at an angle of nearly 
90". A screen placed on the other side of the mirror wiH 
receive both the direct and reflected pencils; and as they 
meet under a small angle, and have traversed paths differing 
by a. small amount, tlioj' are in a condition to interfere. It 
will be readily seen that the system of bands formed in this 
manner is but half of that produced in Fresnel's experiment. 
There arc some other peculiarities of this system, Into wlrich 
time will not permit me to enter, which seem to illustrate 
certain abstruse points of the wave-theory. 

There is yet another mode of studying the fundanientat 
phenomenon of interference, which is in some respects more 
convenient than any of the former. It is obvious that the 
original beam may he separated by refraction, as well as re- 
jexion; and if the inclination of the two refracted pencils be 
amall, similar results will take place. For this purpose it is 
only necesMry to procure a prism with a very obtuse angle, 
■nd to allow the beam of light to fall perpendicularly on the 
opposite face. It is evident then tliat this beam will be dif- 
ferently refracted, at emergence, by the two faces wliich con- 
tain the obtuse angle; and that it will be thus divided into 
two beams, which will be slightly inclined. Tliese beams 
then proceed from one common origin, and meet under 
i\ small obliquity, and therefore fulfil all the conditions ne- 
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cessary for their interference. It is found, accordingly, that 
a series of alternate bright and dark bands is formed pa. 
rallel to the edge of the prism. 

It will he evident, from what has been said, that the cen- J 
tral fringe produced by the interference of two pencils, isl 
the locus of those points at which they arrive in the «a»Mr'1 
time; and, accordingly, when neither of the pencils has I 
experienced any interruption in its progress, the points of 1 
I that fringe will be equally distant from the two luminous | 
I origins. The case is altered, however, if we interpose a I 
' thin plate of a denser medium in the path of one of the | 
interfering rays. If the light is retarded in the denser me- ] 
diuin, it is obvious that the points reached in the same j 
time will no longer be equally distant from the two cen- 
tres, but will be nearer to that whose light has undergone I 
the retardation. The reverse will be the case if the light 
is accelerated in the interposed plate ; so that the central ' 
fringe, and the whole system, will be shifted towards the 
side of the interposed plate in the former case, and J'rom it 
in the latter. Here then we have a complete expcrimenltim 
cruets, by which to decide between the theory of emission 
and that of waves ; and its result, as we have already stated, 
is conclusive in favour of the latter theory. 

The principle of interference furnishes the complete an- 
swer to the difficulty to which we alluded in our last lecture, 
and shows in what manner the rectilinear prti/iagation of 
light is reconciled to the wave-theory. It had been objected, 
that if light consisted in the undulations of an elastic fluid, 
it should diverge in every direction from each new centra, 
and so bend round interposed obstacles, and obhterate all 
shadow. To this wc reply, that light docs diverge in every 
direction from each new centre, — that it does bend round in- 
terposed obstacles ; but that shadows notwithstanding exist, 
because the sei cral portions of this laterally diverging light 
destroy one nnother by interference, and no effect is produced 
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except by those parts of the wave which «re in the right Ene 
joining the luminous origin and the eye. 

To see this, let abed (6g. !>) represent a portion of a 
epherical wave, and let o be the pkce of the eye, and oa the 
line drawn from it to the luminous centre. Commencing 
from the point a, let portions ab, be, ed, &c. be taken, such 
that the diilercnces of the distances of their extremities from 
the point o shall be the same for all, and just equal to half a 
leave. Now we may suppose all these portions of the grand 
wave to be so many centres of disturbance, and it is obvious 
that the secondary waves sent by each pair of consecutive 
portions to the eye will be in complete discordance ; and, 
therefore, that they must wholly destroy one another if their 
intensities were equal. Now it is easy to see that this is the 
case with respect to the portions, as fg, gh, which are re- 
mote from the point a. For the magnitude of the waves 
sent by the several portions to any point depend — first, on 
the tiiagnltude of these portions ; and secondly, on the angle 
which the Unc drawn from them to that point makes with 
the front of the wave. With respect to the former, it is 
evident that ab is greater than be, be than cd, and so on ; 
but that these differences go on continually diminishing, and 
that the magnitudes of the succeeding portions approach 
indefinitely to equality, as they recede from ihc pouit a. 
The same is true of the obliquitict ; — so that the portions of 
the waveijg, gh, remote from the point a, destroy one ano- 
ther's effects, and the efiect on the eye, or on a screen at o, 
will be entirely due to those parts of the grand wave which 
are in the neiglibourhood of the line connecting that point 
with the luminous origin. 

Of these parts a£ produces, of course, the greatest effect, 
being both the largest and tlie least oblique. The efiect of 
the neighbouring portions is, however, very sensible, and we 
shall have occasion in our next lecture to study some impor- 
tant phenomena to which they give rise. In the mean time 
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you cannot fail to perceive one remarkable consequence 
of this explanation — ^namely^ that if the alternate portions 
bc^ dcy &C.9 whose effects are negative , be stopped, the 
total effect will be augmented, and the light will be literally 
increased by intercepting a portion of the wave. On a future 
occasion we shall see that this startling conclusion is fully 
confirmed by experiment. 
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ON THE DIFFRACTION OF LIOHT. 



It baa been already ebown to be a result of tbe wave-tbeory, 
tbat tbe intensity of tbe ligbt whicb encounters an obstacle 
must diminisb rapidly witbin tbe eilge of the geometric sha- 
dow. It now remains to consider the other phenomena 
wbicb arise under these circumstances ; and it will be found 
that tbe same theory affords the most complete account, not 
only of their general characters, but ercii of their most mi- 
nute details. 

In order to understand the theory of shadows, it is neces- 
sary to iavestigate ibeir laws in tbe simple case in whicb tbe 
magnitude of tbe luminous body is reduced to a point. Tbe 
effects thus presented were first observed, and in some de- 
gree explained, by Grimaldi ; and they have been since stu- 
died, as a separate branch of optical science, under the title 
of diffraclioH or inflexion. 

Grimaldi found, that when s Bmall opaque body was 
placed in the cone of light, admitted into a dark chamber 
through a very small aperture, its shadow was much larger 
than its geometric projection ; so that the light suffered 
some deviation from the rectilinear course in passing by tbe 
edge. On observing these shadows more attentively, he 
found that they were bordered with three irie'colouied 
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fringes, which decreased in breadth and intensity in the 
order of their distances from the shadow, and which pre- 
served the same distance from the edge throughout its en> 
tire extent, unless where the body terminated in a sharp 
angle. Similar fringes were observed, under favourable cir- 
cumstances, within the shadows of narrow bodies. The 
phenomena of diffraction were subsequently examined by | 
Hooke and by Newton; and, lastly, in the hands of Young 1 
and Fresnel, they have been forced to furnish evidence in [ 
favour of the wave-theory, which few who impartially examine I 
it can, I think, continue to withstand. 

Proceeding in the method which I have laid down to my- 
self at the commencement, I propose, in the first place, ti> 
describe and illustrate the most important of these pheno> 

I ^na, and afterwards to examine them in their bearing upon 

i |be two theories. 

The first of these phenomena to which I will call your 
attention, arc the modifications which light undergoes in 
passing by the edge of an obstacle of any kind. 

Let a beam of homogeneous light, entering a dark cham- 
ber, fall on a lens of short focal length, mn, (fig. 10,) by 
which it is brought to a focus at o, and thence diverges. Let 
an obstacle, it', be placed in the diverging beam, and let the 
shadow which it casts be received upon a sheet of white 
paper at q, or on a piece of roughened glass. We shall then 
observe the following phenomena : 

1. The line orQ, which is the boundary oS i)\e geometrie 
sfiadou; is not the actual boundary of light and shade. 

2. The space below this line, qa, is not absolutely dark, 
but is enlightened by a faint light, which extends to a sen- 
sible distance within the geometric shadow, and gradually 
fades away as it recedes from the edge of this shadow at Q. 

3. On the other side of the boundary of the gcometrio 
fehadow, at qk, the paper is not uniformly illuminated by the 
diverging beam, but is observed to be covered with a aeries 
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of alternate bright and dark bands, which are parallel to 
the edge of the shadow. The distances of these fringes 
inter se, and from the edge of the shadow, vary with the po- 
sition of the screen, and diminish indefinitely as the screen 
is brought near the obstacle. These fringes may be ob- 
served succeeding one another for many alternations ; be- 
coming, however, less marked as the distance from the edge 
of the geometric shadow increases, until at length they are 
wholly obliterated and lost. They preserve the same dis- 
tance from the shadow in all parts, except only where the 
edge of the body forms a sharp angle. • 

4. The fringes vary with the colour of the light ; being 
broadest in red light, narrowest in ciolel light, and of inter- 
mediate magnitude in the light of mean refrangibility. 
Hence when iv/iile, or compound light, ia employed, the 
fringes of diflerent colours will not be accurately superposed ; 
and there will therefore be a succesaiop of irU-coloured 
fringes, the colours following the order which they have in 
the spectrum. 

In this experiment we have made the incident light di- 
verge from a very minute luminous origin- If the dimensions 
of the luminous origin had been considerable, it will be easily 
understood that each line in it, parallel to the edge of the 
obstacle) would give rise to a different system of friuges; 
and, as the dark bands of some of these systems must coin- 
cide with the bright bands of others, every trace of the 
phenomenon would be obliterated. 

If we follow the course of the fringes from their origin, 
we shall observe that they arc propagated in lines «?»< 
gibltf curved, whose concave side is turned towards the 
shadow. In order to obtain accurate measures of the dia- 
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tanccs of the fringes from ihe edge of the shadow, at dif- 
ferent distances from the obstacle, Fresnel found it con- 
venient to view them directly with an eye-piece, instead of 
receiving them on a sheet of paper, or plate of roughened ' 
glass. This eye-piece was furnished with a micrometer, by i 
means of which the distances of the fringes could be mca- 1 
sured with the greatest nicety. It was ascertained in this 1 
manner that the curved path of each fringe was an hyj 
bola, whose summit coincided with the edge of the obstacle^ ' 
and whose centre was the middle point of the line connect*'^ 
ing that edge with the luminous origin. 

If we consider these hyperbolas as coincident with their I 
asymptots, (which may be done without sensible error, un- 1 
less near the edge of the obstacle,) and if we then determine j 
the angles which they make with one another, and with the ] 
edge of the geometric shadow, we shall And that these an- ^ 
gles increase rapidly as the distance of the obstacle from the 1 
liuninous point diminishes. When this distance is about 40] 
inches, the fringes are very close together; the fringes of the i 
first and second order making an angle with one anollicr of 1 
less than 2* in red light. At the distance of 4 inches, tliiA j 
angle is increased to more than 6'; and at y^^ of an inch it ' 
exceeds IG'. Thus the fringes dilate as the edge of the ob- 
stacle approaches the luminous origin. 

The preceding experiments exhibit the effect of a single 
edge. When the light diverging from the luminous point ia 
suffered to pass by tico near etit>es, the phenomena will be 
varied in a very interesting manner. 

Let a fine wire be placed in the beam of light diverging J 
from a luminous point, and let its shadow be received c 
screen or plate of roughened glass, as before, . We then ob- 
serve, outside the geometric shadow, a set of parallel hands, 
or fringes, analogous to those produced by the aiuglc edge . 
in the former experiment. These are called exterior /riagea,i 
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But we olMerve further that the whole space of the geometric 
shadow itself is also occupied hj parallel stripes, alternately 
hright and dark. These are called the interior fringes : and 
they arc in general closer, and more finely marked than the 
exterior. When the hreadlh of the obstacle becomes at all 
considerable, the interior fringes disappear, and the plieno- 
meua fall under the class already examined. 

The interior fringes are propagated, hke the exterior, in 
hyperbolic curves ; but their curvature is less considerable, 
and the deviation from a right-lined course scarcely per- 
ceptible within the limits at which they arc commonly ob- 
served. They are also, like the exterior fringes, broader in 
red than in violet light, and of intermediate breadths in the 
light of intermediate refrangibility. Accordingly, in com- 
pound or while light, these fringes of difierent dimensions 
arc superposed ; and the bands are no longer alternately 
bright and black, but coloured with different tints, in the 
order of the colours of the spectrum. 

When the obstacle is not terminated by parallel sides, the 
effect becomes more complicated- Thus two series of curved 
fringes are observed within the shadow of an object bounded 
by a salient angle, one on each side of the bisecting line. 
Tliese fringes have been called ihe created fringes of Gri- 
maldi, by whom they were first observed. 

It still remains to examine the eSects which will be 
produced by two edges turned inwartU, so as to form an 
ajierturc of any dimensions. For this purpose we are fur- 
nished with an instrument consisting of two metallic plates, 
one of which is fixed in the frame of the apparatus, while the 
other is moveable by means of a fine screw. The edafes «f 
these plates are right-Uned and parallel, so that they form 
4dwaya a rectangular aperture ; and, by means of the adjust- 
ing screw, the magnitude of tliis aperture may be varied at 
pleasure. 

Now if a narrow tecluugular aperture, thus formed, be 
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substituted for the wire in tlic last experiment, the resultingi 
phenomena are very remarkable. It will be observed, 
the first place, that the luminous beam has diverged con- 
Biderably after passing the aperture, so that the space which 
it occitpies on the screen, or roughened glass, is much wider 
than the geometric projection of the aperture. Secondly, 
it will be seen that the entire of this space is covered with 
parallel bands, or fringes, alternately bright and dark, dis- 
tributed symmetrically ou either side of the line passing 
through the luminous point and the centre of the aperture. 

If we trace tliese fringes, from their origin at the aper- 
ture to any distance, we shall find that they are propagated 
in hyperbolas, like the former. The curvature of these 
hyperbolic branches, and their inchnatlon to one another, 
depend on the breadth of the aperture, and on its distance 
from the luminous point. Fraunhofer, who observed this 
class of phenomena with great attention and care, found that 
[ the angular distances of the successire bands of any given 
1 colour from the central line formed an arithmetical progres- 
*ioti, whose common difierencc was equal to its first term ; 
Md that, when different apertures were used, the distances 
of one and the same band from the central line were ('» 
versely OS Ike hreadlhs of the aperlurea. These fringes are 
broadest and most widely separated in red light ; they are 
narrowest and closest in violet light, and of intermediate 
magnitude in the intermediate rays of the spectrum. In 
white lightj therefore, they present the iris succession of 
colours observed in other cases. 

When the apertiu-c is formed by two straight edges 
aligktlif inclined, Newton observed that the fringes were not 
accurately parallel to the edges, but became broader as they 
approached; and that they finally crossed, and formed two 
hyperbohc branches, one of whose acymptots is perpendicii- 
iar to the hnc bisecting the angle of the edges, while the 
others are parallel to the edges themselves. 
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It is scarcely necessary to observe that the phenomena 
of (liiTraction may be endlessly varied by varying the form of 
the diifracting edge. The preceding cases have been se- 
lected as the most elementary. They are abundantly suffi- 
cient, when pursued into numerical details, to test the truth 
of any theory which maybe applied to this class of pheno- 
mena ; and such a theory being once established, the laws of 
the more complex appearances are best sought for in its de- 
duclions. We shall now proceed, therefore, to consider tlie 
preceding phenomena in their relation to the two theories of 
light. 

Newton conceived the rays of light to be inflected in pass- 
ing by the edges of bodies, by the operation of the attractive 
and repulsive forces which the molecules of bodies were sup- 
posed to exert upon those of light before they arrived in ac- 
tual contact. By the operation of such forces, you will remem- 
ber, Newton was enabled to explain the laws of reflexion and 
refraction ; and it was reasonable to suppose that the same 
forces played an important part in the phenomena now under 
consideration. Tims, the rays passing by the edges of a nar- 
row opaque body, such as a hair or fine wire, are supposed to 
be turned aside by its repulsion ; and, as this force decreases 
rapidly as the distance increases, it follows that the rays 
which pass at a distance from the body witl be less deflected 
than those which pass close to it ; see (fig. 11.) The caustic 
formed by the intersection of these deflected rays will be 
concave inwards; and as none of the rays pass within it, it 
will form the boundary of the Wfifi/e jAar/oH'. Thus we see 
that this supposition explains in a satisfactory manner the 
curvilinear termination of the visible shadow, and its excess 
above the geometric one. 

To account for the fringei which are parallel to the edge 
of this shadow, Newton appears to have supposed the at- 
tractive and repulsive forces to succeed one another for smnv 
alternations i and the molecules composing each ray, in 
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their passage by the boJy, to be bent to and fro by tliese-l 
forces, In a serpentine course, and to be finally thrown off at I 
one or other of the points of contrary flexure. The inter- ' 
section of the rays thus thrown off at different points of the 
same serpentine course will form a caustic or fringe ; so that 
each succeeding fringe wilt be produced by the rays which 
pass at a given distance from the edge of the body. Finally, . 
the BcparatioD of white light into its elements is explainetll 
by supposing that the rays which differ in refrangibility, diS 
fer also in injlexibililif, — the body acting alike upon the Icwf 
refrangible rays at a greater distance, and upon tlic more rW'l 
frangible rays at a less distance. 

It is needless to comment upon the vagueness of these e:^ I 
planations. Newton himself Mas dissatisfied with them, and j 
the subject fell from his hands unfinished. Still, how 
the mere guesses of such a mind as that of Newton must 1 
always possess a deep interest ; and we arc not to wonder that I 
among his followers more weight should be attached to thesa I 
conjectures than he himself ever assigned them. It seem* I 
necessary, therefore, to advert to some of the circumstancoe 1 
of these phenomena, which are not only unexplained by thU | 
tlicory, but which seem moreover at utter variance with it. 

If the phenomena of inflexion be the effects of attractive 
and repulsive forces emanating from the interposed body, — | 
and if these forces are the same, or even analogous to those j 
to which the reflexion and refraction of light are ascribed ii 
the theory of emission, it will follow that they must exist in I 
different bodies in very different degrees ; so that the amount I 
of bending of the rays, and therefore the breadth of the dif- 
fracted fringes should vary with the Jnass, the nature, and the j 
form ofthc inflecting body. Now it is clearly ascertained, 
on the contrary, that ali bodies, whatever he their nature ot j 
the form of their edge, produce, under the same circum- I 
stances, fnni^e&identica III/ tie same; and, in fact, the partial 
interruption of light caused by the interposition of an ob* I 
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Btacle of any kind, appears lo be the only condition essen- 
tial to the phenomenon. Gravesende seems to have first 
observed that the nature or density of the body had no 
effect upon the magnitude of the difiVactcd fringes ; and 
the fact has since been confirmed in the fullest manner 
by almost every inquirer In this branch of experimental 
science. One of the ablest of the supporters of the theory 
of emission has admitted that the inflecting forces, if such 
exist, must be independent of the chemical nature of the in- 
flecting body, and altogether different from those to which, 
in the same theory, the phenomena of reflexion and re- 
fraction are ascribed. 

To ascertain whether Reform of the edge had any effect 
upon the fringes, Fresnel took two plates of steel, the edge 
of each of which was rounded in one half of its length, and 
sharp in the remaining half, — and placed the rounded por- 
tion of each edge opposite the angidar part of the other. 
If then the position of the fringes depended on the (orm 
of the turfaeCf the effect would thus be doubled, and the 
fringes appear broken in the midst. They were found, on 
the contrary, to be perfectly straight throughout their entire 
length. 

Again, the inflecting forces (though they must be sup- 
posed to vary in intensity with the form and mass of the 
body, and with the distance of the luminous molecule from 
the edge) cannot be conceived to depend in any way upon 
the distance precioutly traversed by the molecule before it 
arrives in the neighbourhood of that edge ; so that tl^e mag- 
nitude and position of the firinges, in this hypothesis, cannot 
vary in any way with the distance of the inflecting edge from 
the luminous point. But this conclusion is the reverse of 
fact. The fringes dilate, and their mutual inchnation is 
increased, as the obstacle approaches the luminous origin. 

The phenomena of diffraction, therefore, do not arise 
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from the operation of attractive and repulsive forces, exerted 
by the molecules of body upon those of' light. The same 
objections apply to the hypothesis of Mairan and Du Tour» 
which ascribes these effects to the refraction of small atmos- 
pheres encompassing the body, and of a different refractive 
power from the surrounding medium. For, if such an at- 
mosphere be retained by the attraction of the body which it 
encompasses, (and this seems to be the only intelli^ble mode 
of accounting for its presence,) its density and its form must 
vary with those of the body itself; and, consequently, its 
effects upon the rays of light must vary also. We are forced, 
then, to conclude, that the phenomena of diffraction are 
inexplicable in the system of emission. 
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ON THE DIFFBACTION OF LIOHT. 



(xENTLEMEN, — In my last lecture I called your attention to 
what may be termed the elementary phenomena of light, in 
its passage by the edges of bodies. I stated the principal 
laws of these phenomena as discovered by experiment) and 
■howcd in what manner they were verified; and, finally, I 
gave a brief sketch of the unsuccessful attempt to explain 
Uiese laws by the operation ofattractive and repulsive forces, 
in the theory of emission. I now propose to show in what 
manner, and with what success, the principles of the wave- 
theory have been applied to tlie same problem. 

This iin{>ortant step in physical optics was made by 
Dr. Thomas Young, and all the compUcatcd phenomena of 
difiVaction are now reduced to the &\ra-p\e principle ofitiUr- 
ference. The exterior fringes, formed without tlie shadows 
of bodies, were ascribed by Young to the interference of two 
portions of light, one of which passed by the body, and was 
muro or less deviated, while the other was obliquely re- 
flected from its e<lge. The fringes formed by narrow aper- 
tures were, in like manner, supposed to arise from the 
inlerfercncc of the two pencils reflected from the oppo- 
site edges; while the interior fringes, within the shadows of 
V bodies, were accounted for by the mterference of the 



pencils which passed on either aide of the body, and were 



52 



LECTURE IV. 



bent into the sbadow. The observed facta closely cor- 
respond with the calculated results of thia theory; and in 
the case last mentioned, Young proved that the phenomenon 
admitted no other explanation. Placing a small opaque 
screen on either side of the diffracting body, so as to inter- 
cept the portion of light which passed by one of its edges, 
the whole system of bands immediately disappeared, although 
the light passing by the other edge was unmodified. 

The general laws of the fringes, — the dependence of 
their magnitude upon the length of a wave, and upon the 
distances of the luminous origin and of the screen, — are , 
fully explained on these hypotheses. It is easy to infer 
from lliem that as the position of the screen is varied, the 
successive points of the same fringe are not in a right line, 
but constitute an hyperbola ; and that when the distance of 
the luminous origin is lessened, the inclination of these 
hyperbolic branches (considered as coincident with tbeit 
asymptots) augments, and the fringes dilate. 

Fresnei at first adopted and developed the hypotheses of 
Young; but be soon found reason to be dissatisfied with 
them. If the exterior fringes arose from the interference of 
the direct light with that obliquely reflected from the edge of 
the obstacle, it would follow that the intensity of the light in 
tbem should depend on the extent and curvature of the 
edge. It was found, on the contrary, that the fringes were 
wholly independent of the form of the diffracting edge ; 
the fringes formed by the back and by tbe edge of a razor, 
for example, being precisely alike in every respect. In the 
other cases of diffraction also, there were many phenomena 
which proved that the rays grazing the edge of the body 
were not the only rays concerned in the production of the 
fringes; but that the light which ])assed by these edges at 
sensible distances was also deviated, and concurred in their 
formation. 

Fresnei was thus forced to seek a broader foundation 
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forhifl theory, and tbe result of hia investigations is given in 
the able memoir which was crowned by tbe French Academy 
in lSt9. In thiii theory the phenomena of diffraction are as- 
cribed to the interference of the partial, or secondary waves, 
which are separated from tbe grand wave by the interposition 
of the obstacle. In applying this principle, he supposes the 
surface of tbe wave, when it reaches the obstacle, to be sub- 
divided into an indefinite number of equal portions. Each 
of these portions may, by the principle of Huygens, be con- 
sidered as the centre of a system of partial waves ; and the 
mathematical laws of interference enable us to compute the 
resultant of all these systems at any given point. This re- 
sultant vibration, Fresnel has shown, is in general expressed 
by means of two integrals, which are to be taken within limits 
determined by the particular nature of the problem. Its square 
u themeasurcof tbe intensity of tbe light; and it is found that 
its value has several maxima and minima, which correspond 
to the intensities of the light in the bright and dark bands. 

The problem of diffraction was thus completely solved; 
and its laws derived from the two principles to which the 
laws of reflexion and refraction are themselves referred, — the 
principle of interference and tbe principle of lluygcns. It 
only remained to apply the solution to the principal cases, 
and to compare the results with those uf observation. The 
cases of diffraction selected by Fresnel are those whose laws 
were developed in our lost lecture ; viz. the phenomena pro- 
duced — 1. by a single straight edge; 2. by an aperture ter- 
minated by parallel straight edges; and 8. by a narrow 
opaque body of the same form, Tbe agreement of observation 
and theory is 80 complete, that the computed places of the 
several bands seldom differ from those observed by more 
than the 100th part of amiOimelre. 

The general circumstances of these phenomena may be 
deduced by very simple considerations from the principles 
already laid down ; allhough the complete development 



54 



of these priDciples demandd Uie aid of a complicated 
aoaly^s. 

ThuS) in the case ofthe fringes produced by a single edge, 
let o (lig. IS) be the luminous origin, man a diverging wave, 
and R any point at which the illumination is sought. From 
this point, as centre, let a circle be described, touching tlie 
circle mon in a, and let the lines Rb'b, ttc'c, &c. be drawn in ] 
such a manner that the intercepts bb', ec, dtt, &c. are 
equal respectively to one, two, three, &c. seini undulations. 
The eftect produced at the point a is then (by the principle j 
of Huygens) the sum of the effects produced by each of the 
portions ab, be, cd, 8cc. separately. But, the distances of 
these consecutive portions from the point R differing by half 
a wave, their effects will be opposed at that point ; so that, 
if m denote the intensity of the light sent from the portion 
ab, m'that from be, &c, (the light sent from the indefinite 
wave, <IM or an, being taken as unity,) the actual light which 
reachesthepointRwillbc 1, 1+m, l+m — m', l+m~mf+m''t 
&c. according as the obstacle is placed at the points a, b, c, 
d. Sic; and the intensity of the light when the obstacle is j 
altogether witlidrawn is 

1 -f- m—7n' + m''~m'"+ &c. = 2. 

I _Now, as the terms of this scries go on continually decreasing, 

I and are affected alternately with opposite signs, it is manifest ] 

I that if we stop at any term, the sign of the remainder will be I 

the same as that of its first term, and therefore alternately I 

positive and negative. Accordingly, the intensities, 1 + »»» 

I+m — m', l+m—m'+m", &c. are alternately greater and | 

I less than 2 ; and the intensity of the light sent to the point R I 

is alternately greater and less than when no obstacle is in- J 

terposed. 

It will be easily understood, from this general explanation, ' 
iu what manner the magnitude of the fringes depends on the 
length of a wave, ou the distance of the luminous origin from 
the obstacle which produces the fringes, and on the distance 
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of the screen on which they are received. We see that 
must be broadest in red Ughl, in which the length of 
dulation is greatest, and narrowest in ciolet light, in which 
the length of an undulation is least. Wlien white or com- 
pound light, tlierefore, is employed, the ilifiracted bands of 
flifierent colours will occupy different positions ; so that there 
will be B succession of iris-coloured bands having the violet 
or blue inside, and the red without. After a few successions 
these bands wholly disappear, owing to the superposition of 
bands of different colours. 

It is easy to compute the relative places of the same 
fringe, for different positions of the luminous point, and of 
the screen. 

Let F (fig. \'i) be the edge of the obstacle, pa a portion 
of the wave diverging from o, which has just reached that 
edge ; and let qa be the screen, and r the place of a fringe 
of any given order. . Then, in order that this point should 
belong to the same fringe for every distance of the luminouB 
origin and of the screen, it is only necessary that the interval 
of retardation (hp — ha) of the central and marginal parts of 
the wave, should be t:onstant. For in this case the whole 
wave, Ar, may be divided into a given number of parts, such 
that the difference of the distances of the successive points 
of division from the point r shall be constant; and therefore 
the effective wave consists of the same number of elementary 
portions hi Uie same relative state as to uiterference. 

Now, denoting op by a, pq by b, and «r by x, we have 

BP = ^^^+l?"=6 + g, q.p. 
since x is very small in comparison with b. Similarly 
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But, by the conditions of the question, this difference is s 
constant quantity ; and, denoting this constant by 8, we have 



*-Q- 



0+4)" 



.= v/! 



(«+*)& 



When A varies, a remaining unaltered ; — i. e. when the 
position of the screen is varied, — the value of x is the ordi- 
nate of an hyperbola whose abscissa is b ; so that the succes- 
sive points of the same fringe belong to an hyperbola, whose 
summit is the edge of the obstacle. 

The interior fringes formed in the shadow of a narrow 
opaque body arise, it has been said, from the interference of 
the two portions of the wave which pass by the edges on 
cither side. Let pp' (fig. 14) be the section of the opaque 
body, PC and p'c' the two portions of the diverging wave 
which has just reached its edges, and let r be any point of 
the shadow. Then, if these portions be divided in the points 
a, b, c, &c. a', I/, c, &c. in such a manner that the difference 
of the distances of any two consecutive points from the point 
R is equal to half an undulation, the elementary wave sent 
from each portion will be in complete discordance with those 
sent from the two adjoining portions; so that, if the se- 
veral portions be equal, they will neutralize one another's 
effects at the point B, with the exception of the extreme por- 
tions, pa, p'a', the halves of which adjoining the edges re- 
main uncompensated. 

Now the arcs. Pa, ab, be, &c- are very nearly equal, when 
the hnes drawn from their extremities to the point R are 
sufficiently inclined to the normal, — or, in other words, when 
this point is sufGciently removed from the edge of the geo- 
metric shadow. In this case, then, tlie only efficacious parts 
of the wave are the halves of the extreme portions, va and 
pV; and the intensity of ihe light at the point R will be de- 
termined by the difference of their distances from that point, 
or (which comes to the same thing) by tlie difference of the 
lengths of the Unes connecting it with the edges of the 
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obBtaclc. The phenomena of interference are tlierefore the 
same as in the case of light emanating from two near origins, 
ahready considered ; and we may transfer to the present case 
the conclusions at which wc arrived in a former lecture. 
Accordingly, if c denote the breadth of the obstacle, und b 
its distance trom the screen, the distance (jr) of any band 
from the centre of the shadow is 
nb\ 

The position of the fringes formed by a narrow rectangu- 
lar aperture will be determined by a similar formula. 

Let pp' (fig. IC>) be the section of the aperture, pap' the 
portion of the wave which has just reached it, diverging 
from the luminous origin at o ; and let qq' be the projection 
of the aperture on the screen. Then, if we take the point a 
on this screen in such a manner that the diiference of its dis- 
tances from the edges of the aperture, rp'— rp, shall be 
equal to a whole number of semiundulations, that point will 
be the centre of a dari or bright band, according as the as- 
sumed number is even or odd. For, in the former case, the 
wave pap' may be divided into an even number of parts, such 
that the distances of every two consecutive points of division 
from the point R diSer by half an undulation. The waves sent 
by every two consecutive portions to the point r will therefore 
be in complete discordance, and the total effect at that point 
will be null. On the other hand, when the difference rp"- 
is equal to an odd number of semiundulations, the number 
of opposing portions of the wave will be odd, and as the al- 
ternate portions compensate each other's effects at the point 

, there will remain one portion producing there its fu& 

!ect. 
Since the successive bands are formed at the points £»' 
which ap'—RF = »X| it is obvious that their distances, rb, 
from the centre of the projection of the aperture will bA 
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given 1^ the same formula as in the case last considerect ; 
e being now the breadth of the aperture. There will be thii 
remarkable difference however, that the dark bands corres- 
pond to the even values of n, and the bright bands to the 
odd values, which is the reverse of what takes place in the 
bands formed within the shadow of an opai^ue obstacle. We 
see then, Ist, that the distances of the successive fringes of 
any one colour form an arithmetical progression whose coia> 
nion difference is equal to its first term : 2dly, that they vary 
directly as the distance of the screen, and inversely as the 
breadth of the aperture ; and, ^ly, that they are proportional 
to the length of a wave ; and therefore greatest for the ex- 
treme red rays, least for the extreme viulct, and of inter- 
mediate magnitude for the rays of intermediate refrangibiUtj. 
We have here supposed the screen to be so remote, that 
the hands are entirely without the projection of tlie aperture^ 
This will obviously be the case when qp'— qp is leas thaa 
half a wave. When the distance of the screen becomes ho 
small that up'— QP exceeds this limit, fringes will be visible 
also within the projection of the aperture. In this case the 
portions into which the wave is divided are sensibly different 
in magnitude, as well as obliquity ; the reasoning above cm- 
ployed is therefore no longer applicable, and the points of 
maximum and minimum brightness con only be obtained by 
a complete calculation of the intensity of the light. 

The phenomena of diffraction which wc have been hi^ 
therto considering are of the simplest class ; — but as such 
phenomena arise in every instance in which light is in part 
intercepted, it is obvious that they admit of endless modifi- 
cations, varying with the form of the interposed body. Some 
of these are too remarkable to pass umioticed. 

Among tlie most striking of these phenomena are those 
produced by light diverging from a luminous origin, and 
transmitted through a small circular aperture; — as, for ex- 
ample, that formed by a pin in a sheet of lead. When tha 
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trsnsinitted light is viewcil through a lens, the image of the 
aperture appears as a brilliant spot, surrounded by coloured 
rings of great vividness ; and these vary in the most beautiful 
manner, as the distance of the aperture from the luminoua 
origin, or from the eye, is altered. When the distance of 
the eye from the aperture is considerable, the central spot 
ia white ; and the coloured rings follow the order observed 
in thin plates. Aa the eye approaches the aperture, the 
central white spot contracts to a point, and then vanishes. 
The rings then close in on it in order, and the centre 
assumes in succession the most vivid and beautiful hues, 
altogether similar to those of the reflected rings of thin 
plates. 

Tliis remarkable coincidence has been shown to he an 
exact result of theory. It has been demonstrated that the 
intensity of the light of any simple colour, at the central 
spot,— and the compound tint in the case of white light, — 
will be the same aa that reflected from a plate of air, whose 
thickness bears a certain simple relation to the radius of the 
aperture, and its distances from the luminous origin and 
from the eye. With homogeneous light, therefore, the illu- 
mination of the central spot vanishes periodically, as the 
distance of the eye from the aperture is varied. 

These conclusions are easily cstabhshed. I^t o (fig. 16) 
be the luminous point, and oab the line drawn from it through 
the centre of the aperture pp'; then the interval of retarda- 
tion (S) of the ray which reaches any point B ou this line, 
coming from the edge of the aperture, is op + pb— OD. Let 
OA =a, AB= b.and AP = r; then, since r is very small in 
comparison with a and 6, it is easy to sec that 
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Now when this interval is ecjual to a whole number («) of 
scmiundulations, the aperture may bo divided by concentric 
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circles, such that the rays which reach the point b coming 
from any two successive circumferences, shall differ hy the 
interval of half a wave. It is obvious from the preceding 
formula that the squares of the radii, and therefore the su- 
perficies of the successive circles thus formed, will be as the | 
numbers 1, S, 3, 4, &c. of the natural series; so that the | 
annuli comprised between every two succeeding circum* 
ferences are equal. But the elementary waves proceeding , 
iirom each annulus are in complete discordance with those ' 
from the adjacent. The successive annuli will therefore de- ' 
stroy one another's effects, and the total intensity of the I 
Jight at the point b will be null, or equal to that of the last, 
iccording as the number of annuli (the central circle in- 
cluded) is even or odd. Hence, for a given aperture, there ' 
will be a succession of points on the axis, at which the irt< 
tensity of the light is alternately ttolhing and a tnaxhttuin ,• 
aod it is obvious from tlie preceding tbat the distances of 
[ tfiese points will be the values of A given by the formula 

in which the points of complete darkness correspond to the ' 
even values of n, and those of maximum brightness to the i 
odd values. 

Such is the case with homogeneous light. As the point! ' 
of maximum and minimum intensity are different for the rayt I 

I of different colours, there will be no point of complete dark- | 
ness in compound light, but a succession of points, at which | 

I the centre of the aperture is richly coloured. 

But the theory of Fresnel is not only in exact accord- ] 
ance with facts already known; it has also led to many 
new and unexpected concluiitons, and predicted conse- 
quences which have been afterwards verified on trial. One 
of the most remarkable of these is the phenomenon of dif- 
fraction by an opaque circular disc. M. Poisson applied 
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Fresnel's integrals to thia case; and he was led to the 
startling result, that the illumiiiation of the centre of the 
shadow was precisely the same as if the disc had been alto- 
gether removed. The principles already laid down will 
easily enable you to satisfy yourselves of the theoretical 
trutli of this conclusion. M. Arago waa the first to show 
that it was in accordance with fact, and his experiment may 
be repeated without difficulty. 

We have seen that when hght diverging from a luminous 
point passes by the edges of a fine hair or wire, a succession 
of coloured bands will be formed parallel to the edge of the 
abadow ; and the distances of these bands from the shadow 
and from one another will be greater, the less the dia- 
meter of the wire. If many such wires be exposed to the 
diverging beam, and if, instead of being parallel, they are 
crossed and interlaced in every possible direction, it is easy 
to conceive that the coloured bands will be disposed iu con- 
centric circles, whose centre is the luminous point. These 
circles resemble the halos visible round the sun and moon in 
hazy weather. Their diameters depend on the thickness of 
the wires or fibres, and vary in the inverse ratio of that 
thickness. 

These phenomena were observed by Dr. Young, and 
were applied by him in a very ingenious manner to the com- 
parison of the diameters of fibres and small particles of any 
kind. A plate of metal is perforated with a small romid hole, 
about the j'^th of an inch in diameter, around which, at 
the distance of about ^ or ^ of an inch, is a circle of 
much smaller holes. The Same of a lamp is then placed 
immediately behind the aperture, and the luminous jioint 
viewed through the substance to be examined. A ring or 
linlo will be seen surrounding the aperture ; and by moving 
the substance backwards and forwards on a graduated ruler, 
this ring may he brought to coincide with the circle of small 
boles pierced in the plat«. The distance from the aperture 
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is then read off on the ruler, and varii;g obviously in the mi% 
vcrae ratio of the angular diameter of the spectrum. But | 
the diameters of the particlca vary aI§o in the same inverse | 
ratio, — Eo that the distance on the ruler at once becomes 
measure of these diameters. In this manner Dr. Youn^ I 
compared the diameters of a great number of very minute 
Bubstances, — such as the fibres of the finest wools, the 
glohules of the blood, &c. The instrument itself he called | 
the Eriomeler. 

In the case last mentioned, we have supposed the interval! j 
of the fibres, or fine wires, to be much greater than thop 
thickness; in which case the phenomenon depends mainly 
on the diameter of the opaque fibre. When the intervening 
apertures are very small, the effect is influenced by tfteif 
magnitude, and assumes a difterent character. Thus, if a 
gratinghe formed, hy stretching afine wire between two fine 
screws of equal thread, and if this grating be held in the j 
beam diverging from a luminous point, we shall observe) oH j 
either side of the direct imnge, a series of spectral imagei j 
richly coloured with all tlie prismatic tints ; the spectra in- j 
lircasing in breadth, and diminishing in intensity, as they, 
recede from the centre. 

These phenomena arc seen to mofit advantage by means 
of a telescope adjusted to the luminous origin. The grating | 
being held before the object-lens of the telescope, the spec* , 
tra are formed at its focus, and are there viewed, with hQ 
the advantages of distinctness and amplification, by meant 
of the eye-lens. Fraunhofer, who observed these pheni^ J 
mena with much attention and care, traced no fewer thaa | 
thirteen spectra on either side of the central image ; the first ' 
pair being separated from the central image, and from the 
second pair, by intervals absolutely black. By a very accu- 
rate mode of measurement the same philosopher ascertained 
that the deviations of any one colour from the central image, 
in tlic sucoeisivc spectra, formed an arithmetical progression; 
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and that the ahsolute amount of these deviations depended 
on tlio intervals of the axes of the wirea, varying inversely as 
that interval. 

These results flow readily from the principle of interfe- 
rence; — thej?rff/ pair of spectra on either side of the central 
image being produced by the interference of those rays 
whose paths differ by one undulation, the second pair by 
those whose paths differ by two undulations, and so un. 
Let the light proceeding from a very remote origin fall on 
the grating, whose opaque parts are represented by ab, a'b', 
d'V , &c. (fig. 1 7) i and let tj be the place of the eye. Then, 
if we take a portion of the grating, txa" , composed of one 
opaque and one transparent interval, in such a manner that 
the difference of the distances of its extremities from the 
point Q {oa"— QflO shall be equal to the length of a wave, it 
is manifest that the corresponding portion of the incident 
wave, n'fl", may be divided into two parts very nearly equal, 
the waves sent from which to the point q shall be in com- 
plete discordance. Without the grating, therefore, the 
effect of that portion of the incident wave would be null at 
the point a, and no light from it would reach the eye. The 
cBect of the grating, however, is to intercept the whole or 
part of one of the two interfering portions, and thus to give 
effect to the other; and this effect is greatest when the 
opaque and transparent parts of the grating are equal. A 
bright band will therefore be visible in the direction on". Ii 
is obvious that the same thing will happen for all the similar 
divisions of the grating, the distances of whose extremities 
from the point q diflTer by two, three, or any whole number 
of undulations; and that tlms there will be a succession of 
bright bands visible at different angular distances from the 
direct ray P«. 

These angles are easily computed. Leta'A be the arch of a 
circle described with the centre q ; then a'k—a'a'' cos da'k 
= a'a" sin Pao". Bat the interval of retardaUon, a**, 
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is equal to the length of a wnve ; &o that, if the angle VQa" be J 
denoted by 9, and the interval composed of an opaque aiutrl 
transparent part of the grating, a'a", by t, we have 

sin C = - , 

This is the an^Iar distance of the J!rst bright band from thai 
central one; ami it is obvious that ibe corresponding angl^ J 
0., for the band of the n** order is given by the formula 



It is B remarkable circumstance of the phenomenon whoM 
laws we have been tracing, that when the experiment is per- 1 
formed with the requisite care, the several species of homo> I 
geneoiis light are so pure and unmixed in the s]>ectra, that I 
the Jixed lines may be discerned. These lines, then, are I 
wholly independent of refraction, and exist in the parts off 
the solar beam before they are separated by the prism. The I 
phenomenon, when thus exhibited, is however distinguished I 
fay a remarkable pecuUarity. The distances of the fixed ' 
lines in the diffracted spectrum are always proportional^ \ 
whatever be the diffracting substance ; while the ratios of the I 
intervals of the fixed lines, (or of the breadths of the coloured I 
spaces,) in the spectra formed by refraction, vary with the [ 
dispersive power of the prisms.* The difiracted spectrum) I 
therefore, becomes an important optical standard, towhtdt.fl 
all others may be referred. 

The formula above given suggests a very simple methoAl 
of determining the length of the wave corresponding to anjl 
given ray of the spectrum. The value of (, or the intervals 
of the axes of the wires, may he ascertained with the greatest 
case and precision ; and we have therefore only to measure 



■ Thii bet alone would sppeni to be decluve agKinii the Newtoniui VbtatJ tCl 
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tlic angular deviation (0.) of tlie ray of any simple culour 
from the axis, in order to deduce the value of X. Fraun- 
liofcr computed in this manner the lengths of the waves cor- 
responding to the seven principal fixed lines of the §pec- 
trum ; and the resulting values are perhaps the most exact 
optical constants we possess. 

The beautiful appearances which you have witnessed 
may be varied in many ways by changing the form of the 
grating. Thus, if two gratings, composed of parallel and 
equidistant wires, be crossed at right angles, so as to form a 
grating with square apertures, the phenomenon displayed is 
one of remarkable splendour. 

The optical phenomena of gratings are interesting in 
many points of view. The apjiearance of lateral spectra, 
produced by simply inlercepiing part of the light, proves 
that the tight actually diverges in all directions Irom the front 
of the grand wave ; and that it is to the interference of the 
two portions, of which one is intercepted by the grating, that 
we are to ascribe its want of sensible effect under ordinary 
circumstances. 

Gratings producing these effects may be formed in seve- 
ral ways, — as, for example, by tracing a number of parallel 
lines on glass with a fine diamond point. Fraunhofcr suc- 
ceeded by such means in forming ruled surfaces in which 
the atsisE were actually inv'sible under the most powerful 
microscopes, the interval of the grooves being only the 
JtiiffO of an inch. Analogous phenomena may be produced 
hy reflexion. If a great number of parallel lines be engraved 
at very small and equal intervals upon a polished surface, 
the light reflected from the intervals of the grooves thus 
formed will interfere in a manner precisely analogous to 
that admitted through the apertures of the gratings; and 
will by their interference produce the most brilliant spectra. 
In some of the grooved metallic surfaces constructed by 
Mr. Barton the lines are wi close that 10,000 of them would 
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occupy only the space of one inch in breadlli. With surface* I 
80 minutely divided, the spectra produced arc as perfect u I 
those formed by the finest prisms; and the colours which i 
they display by candle light are scarcely inferior to those of 
the diamond. 

Similar appearances may be observed to a certain extent 
on metallic surfaces which have been polished with a coarse 
powder, the powder leaving minute stria; which produce the 
effects we have been describing. They may also be very 
simply produced by passing the finger over the surface of a l 
piece of glass moistened by the breath. The strife thus -| 
formed in the coating of vapour display very brilliant colours, 
r which vary with the position of the eye, 

The beautiful colours of mother of pearl are natural in- \ 
stances of the same phenomena. This substance is com- | 
posed of a vast number of very thin layers, which are gra- ( 
dually and succeseively deposited within the shell of tha I 
oyster, each layer taking the form of the preceding. Whett | 
it is wrought, therefore, the natural joints are cut through \ 
in a great number of sinuous Hnes ; and the resulting sur- 
face, however highly polished, is covered by an immense 
number of undulating ridges, formed by the edges of the 
layers. These striae may be observed by the aid of a 
powerful microscope, although they are sometimes so close 
that 5000 of them occupy an inch. That they are the 
causes of the brilliant colours displayed by this substance 
has been placed beyond doubt by an experiment of Sir 
David Brewster. This experimeut consisted simply in 
taking the impression of the surface of the pearl on wax, or 
any other substance fitted to receive it ; and it was found 
that the impressed surface displayed all the colours of 
the original body. In fact the colours of striated surfaces 
indicate their structure, perhaps more unerringly than any 
other means. Sir David Brewster has made a beautiful 
use of their laws in investigating the curious and compli- 
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cated structure of the crystalline lens in fishes and other 
animals. 

There remains another class of phenomena produced by 
diffraction, to which I wish to call your attention before I 
conclude. We have already seen tlie effects produced when 
light diverging from a luminous point or line is transmitted 
through a narrow aperture, and received on a screen. But 
if we vary the experiment, by placing a lens of considerable 
focal length (as the object-glass of a telescope) immediately 
behind the aperture, and receive the image on a screen 
at the focus conjugate to the luminous origin, the appear- 
ances displayed are altered in a remarkable manner, and 
differ more widely from those produced in the former 
case, aa the aperture is greater. In fact the phenomena of 
diffraction are thus produced with apertures of considerable i 
dimensions, and were observed by Sir Williimi Herscbel with j 
the undiminished object-tpecuin of his great telescopes. 
Thoy are tendered more distinct, however, when the aper- 
ture of the telescope is limited by a diaphragm of moderate 
size. When n star is viewed through a telcBcope of high 
power, with its object-lens thus limited, its image is encom- 
passed with 8 system of diffracted rings slightly coloured, 
succeeding one another at equal intervals ; — the diameters 
of the rings varying inversely aa those of the apertures. 
The phenomena vary in a very curioue manner, when the 
form of the aperture is changed. Thus, when a triangular ' 
diaphragm is substituted for the circular one, the disc of ' 
the star appears surrounded by a black ring, from which 
diverge six rays at equal intervals. These phenomena have 
been examined in detail by SirJohn Hcrscheland M. Arago. 
Their mathematical explanation has been given by Mr. Airy, 
in his valuable tract on the undulatory theory ; and the de- 
ductions of theory are found to be in complete accordance 
' irhh the obserrcd facts. 
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COLOURS OP THIN fLATES. 



Gentlemen, — In the two preceding lecmrea I invited yoar^ 
attention to the effects which take place in the passage 
of light by the edges of an obstacle. In all such cases, it 
was shown, a series of alternate bright and dark bands 
formed parallel to the edge ; the bright bands being of tba I 
colour of the light when simple light is used, but in whita I 
light assuming all the varied tints of the spectrum. A9 1 
these appearances, we found, were but cases of a more gemy I 
rat property of light, known under the name of inter/^ I 
rence ; — and we now ])roceed to consider a different class of I 
phenomena, which are reducible to the same fertile principle f 

The colours of thin plates were first noticed by Boyle I 
and Hooke. They are displayed in every instance in wbick J 
transparent bodies are reduced to films of great tenui^l 
Boyle succeeded in blowing glass so thin as to exhibit the 
phenomena : they are more readily developed in mica, and 
some other transparent minerala, which possess a lamellar 
structure ; but the most familiar instance of their exhibition 
is in the froth of liquids, — the fiuid envelope of the bubbles 
which compose it being in general of extreme thinness. 

These colours vary with the thickness of tbe film, and 
disappear altogether when it passes certain limits. When 
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the film exceeds a certain ttiicknesa, all the colours are 
equally reflected, and the reflected light is therefore Khlle. 
On the contrary, when the thickness falls below a certain 
liniit, no light whatever reaches the eye, and the surface of 
the tilni appears absolutely Marit. These facts may he ob- 
Bervcd in the common soap-bubble, when properly defended 
from the disturbing influence of currents of air. If the 
mouth of a wine-glass be suddenly dipped in water, which 
has been rendered somewhat viscid by the mixture of soap, 
the aqueous him which remains in contact with it after emer- 
sion will display the whole succession of these phenomena. 
When held in a vertical plane, it will at first appear uni- 
formly white over its entire surface ; but, as it grows thinner 
by the descent of the fluid particles, colours begin to be ex- 
hibited at the top, where it is thinnest. These colours ar- 
range themselves in horizontal bands, and become more and 
more brilliant as the thickness diminishes; — until finally, 
when the thickness is reduced to a certain limit, the upper 
part of the film becomes completely black. AVhen the 
bubble has arrived at thb stage of tenuity, cohesion is no 
longer able to resyK the other forces which are acting on 
its particles, and it bursts. 

Similar phenomena may be observed when a drop of oil 
ta let fall on water. As it spreads rapidly over the surface, 
it is soon reduced to a very thin film, which displays the 
spectral colours. 

Kvery one has noticed the fact that steel and other me- 
tals, when polished, acquire various shades of colour by ex- 
posure to the air. These colours ,ve produced by a thin 
coating of metallic oxide winch is gradtially formed on the 
surface. The formation of this oxide is greatly accelerated 
by an augmentation of temperature; and the colour thus 
formed is so invariably connected with the thickness of the 
film, and this latter with the degree of lieat, that artists are 
in the habit of measuring the temperature by the colour de- 
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I the proccBs of tempering, ia said bi^ 

e received a 

The same appearances i 
striking manner by air itself, or even by a vacuum. If two 
plates of glass be pressed together by the fingers, we shall 
observe, round the point of nearest approach, a succession 
of coloured bands of great brilliancy, which dilate as the 
pressure is increased, and the enclosed plate reduced in 
thickness. 

But in order to observe these phenomena, in such a maih ' 
ner as to be enabled to trace their laws, we must foUoir | 
Newton. Newton's experiment consisted simply in laying m 
convex lens of glass upon a plane surface of the same materiaLl 
The thickness of the plate of air increases as the square of j 
the distance from the point of contact, and is, therefore, the 
same at all equal distances from that point. Hence, as t 
reflected colour depends on the thickness, the bands of the . 
I tame colour will be arranged in concentric circles of which 
that point is the centre. The same succession of coloi 
produced when any other transparent fiuid is enclosed be- 
tween the glasses. The colours, however, are more vivid, 
the more the refractive power of the plate difiers from that 
of the substances within which it is enclosed. i 

When we look attentively at these rings, the Hgbt bo* 1 
ing reflected always at the same angle, we observe that the 
central one is not a mere annulus, but a complete circle of 
Dearly uniform colour. If then we diminish the thickness 
of the plate of air, by pressing the two glasses more closely 
together, this central ci^le is observed to dilate, and a new 
circle of a different colour to spring up in its centre. This 
will dilate in turn, driving the former before it, and another 
circle appear within it ; — until at length a blaci: spot shows ] 
itself in the centre of the system, artcr which no further di- 
minution of thickness will allcr the succession. When the 
black spot makes its appearance, we have obtained a plate of 
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air BO thin as no longer to reflect any colours, and the phe- 
nomenon is then complete. Newton traced seven coloured 
rings round this spot, the colours of which arc said to he of 
ihejirgl, second, third, &c. order, according to the order of 
the ring to which tliey belong. Thus, the red of the third 
order is the red which is found in the third ring from the 
central black, &c. The whole succession of colours is called 
Newton's scale. 

The principal laws of these phenomena are included in 
the following propositions : 

1. In homogeneous hght, the rings are alternately bright 
and black; — the thicknesses corresponding to the bright 
rings of succeeding orders being as the odd numbers of the 
natural series, and those corresponding to the blade rings as 
the intermediate ecen numbers. 

2. The thickness corresponding to the ring of any given 
order varies witli the colour of the light, — being greatest in 
red light, least in violet, and of intermediate magnitude in 
light of intermediate refrangibihty. In white or compoimd 
light, therefore, each ring will be composed of the rings of 
different colours, succeeding one another in the order of 
their retrangibility. 

3. The thicknesa corresponding to the ring of any given 
order varies with the obliquity, being very nearly propor- 
tional to the secant of the angle of incidence. 

4. The thickness corresponding to the ring of any given 
order varies with the substance of the reflecting plate, and in 
the inverse ratio of its refractive index. 

In order to establish the first of these laws, it is neces- 
sary to employ homogeneous light. This may be obtained 
by means of the prism ; or we may adopt the method 
suggested by Mr. Talbot, and illuminate the glasses with 
a spirit lamp having a salted wick. The light of such 
n laiap being a yellow of almo^it perfect homogeneity, the 
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rings will be alternately bla^i aoil yellow ; and their number 
i« so great as to baffle any attempt to determine it. 

The law of the thieknessea corresponding to the succes- 
sive rings is easily established. Let o (fig. IS) be the point 
of contact or the plane and spherical surface, and aa, hh', 
e<f, &c. the diameters of the successive rings formed round 
that point as a centre. It is evident that the thicknesses of 
the plate of air at the points where these rings are formed, 
oa, &|3, cy. Sec. are as the squares of the distances, oa, ob, 
oc, &c., or as the squares of the diameters of the rings. To 
determine the law of the thicknesses, therefore, we have only 
to measure these diameters. This was done by Newton 
with great accuracy, and it was found that their s(}uares were 
in arilhinetical progression ; consequently, the thicknesBes at 
which the successive rings were formed increased in a similar 
progression. 

But Newton did not slop here. Ho ascertained further 
the absolute thickntss of the plate of air at which each ring 
was formed, and that in the most exact manner. It is mani- 
fest that if the thickness of the plate be determined for any 
one <»f the rings, that corresponding to the others will be 
given by the law just stated, Newton, accordingly, pro- 
ceeded to ascertain this tiiickness for the dark ring of the 
f/lh order. This was done by measuring its diameter accu- 
rately, and determining the radius of the spherical surface 
from the focal length of the lens and its refractive i 
These two elemenU being obtained, the thickness is imme- 
diately deduced ; for it is equal to the square of tlic radius 
of the ring divided by the diameter of the spherical surface. 
The value thus deduced being suitably corrected, it was 
found that the thickness of the plate of air was the x~hss "^ 
an inch, at the dark ring of the fifth order ; and this thick- 
ness being decuple of that corresponding to the first bright 
ring.it followed that the thickness of the plate of air, where the 
firsi bright ring was formed, was the yy^ini "f^"" '"*''■ Thf 
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the bright tings of the successive orders are formed at the 
thkkneeeee 



178000" 178000' 178000' 178000' ' 
and the intermediate dark rings at the thicknesses 
a 4 6 8 

178000' 178000' 17'<000' 178000' '^' 
These determinations belong to the most luminous rays 
of the spectrum, or those at the confines of the orange and 
yellow. The variation of the diameters of the rings (or of 
the thickness of the plate of air at which they are exhibited,) 
with the colour of the light, may be observed by illuminating 
the glasses with different portions of tfie spectrum in suc- 
cession, — or, yet more simply, by looking at the rings through 
coloured glasses ; — and it will be found that the magnitude of 
the rings is greater, the less the rcfrangibihty of the light. 
This being understood, it is easy to comprehend the cause 
of the succession of colours in each ring, when white or com- 
pound light is usf^d. For the rings, in thb case, are the 
aggregate nf the rings of difTerent colours; and tlieee being 
of different magnitudes, the compound ring will be variously 
coloured, the more refrangible rays occupying the interior, 
and the less refrangible the exterior parts of the ring. It is 
easy to see also, that, in this case, all phenomena of colour 
must disappear after a few successions, the rings of different 
colours, belonging to different orders, being at length su- 
perposed. 

The variation of the rings with the obliquity of the inci- 
dent hght may be observed by depressing the eye. The 
rings are then seen to dilate rapidly with the obliquity of the 
reflected pencil ; the thickness of the plate of air at which 
they arc exhibited being nearly as the secant of the angle of 
incidence or reflexion. 

The fourth and last law, which expresses the dependence 
of the thickness, it which any ring ia formed, upon the re- 
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fractice power of the plate, is easily verified by introducing a 
drop of water betneen the glasses. The rings arc then ob- 
served to contract, and if we compare their diameters in 
air and in water, it will be found that the corresponding 
thicknesses of the plate nre as four to three, or in the in- 
Terse ratio of the refractive indices. 

We have hitherto spoken only of the reflected rings. 
There is another system of lings formed by transmiision, 
but much fainter than the former. The transmitted rings 
are found to observe the same laws as the reflected rings, — 
with this remarkable exception, that the colour transmitted 
at any particular thickness of the plate is always comple- 
vtentarif to that reflected at the same thickness ; so that, in 
homogeneous light, the bright transmitted ring is always at 
the same distance from the centre as the corresponding dark 
one of the reflected system. 

It is now time that we should enter on the physical ac- 
count of these phenomena. For their explanation, it has 
been already stated, Newton invented his celebrated doc- 
trine of the fits of easy reflexion and transmission. We have 
already had occasion to allude to this hj'pothesis in a former 
lecture : its application to the phenomena of thin plates is 
too obvious to be dwelt upon. The ray is in a fit of easy 
transmission in its passage through the first surface ; this IB 
succeeded by a fit of easy rcfleaion, — and so on alternately, 
the spaces traversed by the ray during the continuance of 
the fits, or their lengths, being all equal. On arriving at 
the second surface, therefore, the ray will be in a fit of 
easy transmission, or easy reflexion, according as the interval 
of the surfaces, or the thickness of the plate, is an even or 
an odd multiple of the length of the fit. Thus the alternate 
succession of bright and dark lings, and the arithmetical 
progression of the thicknesses at which they are exhibited, 
are satisfactorily explained. 

To explain the second law, it is neceseary to suppose that 
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the length of the (its varies with tlic colour of the light, 
being greatest in red light, least in violet, and of intermediate 
magnitude in light of intermediate refrangibility. New. 
ton deCerinincd the absolute lengths of these (its for the rays 
of each simple colour, and found that they bore a remarkable 
numerical relation to the lengths of the chords sounding the 
octave. These results are even yet referred to as funda- 
mental data in optical inquiries. 

To account for the two remaining laws, Newton was 
constrained to make new suppositions, and to attribute pro- 
perties to the fits, which are inconsistent with every physical 
account which has been given of them. Thus, to explain 
the dilatation of the rings with the obliquity, he assumed 
that the length of the fits augmented with the incidence, and 
nearly in the ratio of the square of the secant of the angle of 
inadence. This assumption is at entire variance with the 
physical theory. If the flts are produced by the vibrations 
of the ether which are propagated faster than the luminous 
molecules, and which alternately conspire with and oppose 
their progressive motion, their lengths should continue the 
same in the same medium, whatever be the incidence. 

The fourth law appears to be also irreconcileable with 
the theory. The thicknessea of the plates of different media 
at which the same tint is exhibited being in the inverse 
ratio of the refractive indices, it was necessary to suppose 
that the lengths of the fits varied in the same proportion ; 
and since, in the Newtonian theory, the refractive indices arc 
directly as the velocities of propagation, it would follow that, 
as the velocities augmented, the spaces traversed by the ray 
in the interval of its periodical states must dimitmh, and in 
the same proportion. 

Newton seems to have regarded this hypothesis us the 
mere expression of a physical fact, and in this light it was 
long considered. It cannot be denied that, as the thickness 
of the pLue increases, the hght appears by reflexion and 
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transmission aliemalely ; and it is of no moment, it may be 
said, by wbat name these alternate states are called. But if 
we look more nairowly into ihc theory, we shall find that it 
asaumei that the alternate appearance of the light in the re- 
flected and transmitted pencil is the effect of an alternate re- 
flexion and transmission at a single surface, that surface 
being the secoW surface of the plate. Now we shall 6nd that 
neitlier of these suppositions is true. We shall show that 
there are no alternations of reflexion and transmission at the 
second surface, but that the light is a/icayjt r^/fec/erf there; 
and we shall further prove that the light is also reflected 
from iXieJirst surface, and that this reflexion plays an essen- 
tial part in the phenomenon. 

To show this, let us employ (instead of common light) 
light which is polarized in a plane perpendicular to the plane 
of incidence. The intensity of the light iu the rings, whether 
of the transmitted or reflected system, varies in this case 
with the incidence; and the rings vanish altogether when the 
light is incident at a certain angle, which is denominated the 
polarizing angle of the glass. The same phenomenon takes 
place when the rings are formed by a plate of air enclosed 
between a lens of glass and a metallic reflector. The rings 
disappear, as before, at the polarizing angle of the glass; 
but there is this remarkable pccuharity in the phenomenon 
in this case: — that when the rings reappear at incidences 
greater than the polarizing angle, their intensity and colour 
are complementary to what they were before ; so that, as in 
the one case they commence from a black centre, so in the 
other they begin from a while one. 

To understand the conclusion to which this leads, we 
roust assume a property of light winch will he hereafter ea- 
tahlished: — namely, that when light thus polarized is incident 
upon glass at a certain angle, it is tvlioUy transtrntted, and 
MO portion whatever reflected. This property belongs to all 
transparent reflecting substances, but not to metallic re- 
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flectors. In the case last mentioned, therefore, in which the 
rings are formed by the plate of air enclosed between & lens 
of glass and a metallic reflector, no light is reflected from the 
upper surface of the plate at the polarizing angle; butaa it 
is abundantly reflected from the lower, or metallic surface, 
there seems no reason why, according to the doctrine of the 
fits, the rings should not still be formed. Their disappear- 
ance under these circumstances proves that the hght re- 
flected from the upper surface is essential to their production. 
There are other particulars of the experiment which show, 
that the light reflected from the lower surface also concurs 
in their formation ; and we are thus driven to the conclusion, 
that the phenomena arise from the union, and mutual influ- 
ence, of the pencils reflected from the two surfaces. 
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COLOURS OF THIN PLATES, 



Gentlemen, — In my last lecture I described the leading 
phenomena of thin plates, and stated their principal laws. 
I adverted also briefly to the physical theory of these phe- 
nomena advanced by Newton, and pointed out some ex- 
perimental facts, observed by M. Arago, which seem to de- 
monstrate its insufficiency. From these facts it appeared to 
follow that the light reflected from both surfaces of the plate 
is essential to the production of the phenomena, and we are 
thus led to the very threshold of the true theory. 

The light incident on the first surface of the plate is in 
part reflected, and in part also transmitted. The transmitted 
portion undergoes a similar subdivision at the second sur- 
face ; and part of the portion reflected at that surface will 
emerge through the first, and reach the eye along with 
that originally reflected there. Thus the reflected hght con- 
sists of two portions, one reflected at the upper, and the 
other at the lower surface of the plate : and these two por- 
tions will interfere, and reinforce or weaken each other's 
eflects, according as they reach the eye in the same, or in 
opposite phases. 

This mode of explaining the phenomena of thin plates 
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was pointed out by Hookc, in a remarkable passage in his 
MitTographia, some years before the subject was taken up 
by Newton. In this passage he very clearly ciescribes the 
manner in wliich the rings of successive orders depend on 
the interval of retardation of the second "pulse," or wave, 
with respect to the first ; and therefore on the thickness of the 
plate. But he does not seem to have had any distinct idea of 
the principle of interference itself; and his conception of the 
mode in which the colours resulted from this " duplicated 
pulse" is entirely erroneous. Euler was the next who at- 
tempted to connect the phenomena of thin plates with the 
wave-theory of light ; hut the attempt, like all the physical 
speculations of this great mathematician, was signally unsuc- 
cessful, and the subject remained in this unsettled state, 
until the principle of interference was discovered by Young. 
When this principle was combined with the suggestion of 
Hooke, the whole mystery vanished. The application was 
made by Young himself, and all the principal laws of the 
phenomena were readily and simply explained. 

Let man (fig, 19) be the course of a ray reflected at the 
first surface of a plate; mopo'a' that of the ray reflected at 
the second surface, and twice transmitted through the first. 
From the point o' let fall the perpendicular or upon the re- 
flected rny on ; it will be also pcrjKndicular to o'n, and will 
therefore be parallel to the front of the two reflected waves. 
Now let lis conceive a wave reflected at the first surface, in 
the position oV, to meet at the same place an anterior 
ware reflected at the second surface, and let us calculate the 
original inten'al between them. From the time that they 
reached the first sm-face at o, one has travelled over the 
space or, and the other over the space o/j-(-^'. But, if 
we let fall the perpendicular or upon po*, it is evident front 
the law of refraction that the spaces or' and o'r are traversed 
in the same time in the two media; and, consecjuently, 
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that the interval of retardation is the time of ile 
op +pr. Now pr = op cos 2 opq, and therefore oji -j- fir z:^ 
op (1 4-cos Sopq) ~2opCos'opq. But op cos opq = pq ; 
and, consequently, the interval is 2pq cos opq. Or, if we de- 
note that interval by S, the thickness of the plate (pq) by /, 
and the angle opq by 8, 

S = 2tcos0. 
Now the two waves are in complete accordance or dis- 
cordance, when the interval of retardation is an exact mul- 
tiple uf the length of half a wave : i. e. when 



» being any number of the natural scries. Equating these 
values of S, therefore, we have, for the values of the thick- 
ness of the plate which will produce a complete accordance 
or discordance of the two *aves, 

f = ^nAsecO. 

We learn then, 1st, that the successive thicknesses of 
the plate, for which the intensity of the reflected light is 
greatest or least, are as the numbers of the natural scries : 
2ndly, that, for different species of simple hght, these thick- 
nesses are proportional to the length of the wave: Srdly, 
that, for different obliquities, they vary as the secant of 
the angle of incidence on the exterior medium: and, ithly, 
that, for plates of different substances, they are propor- 
tional to X, and therefore in the direct ratio of the velocity 
of propagation, or in the inverse ratio of the refractive index 
of the substance of which the plate is composed. 

There is one part of the preceding explanation which 
will require a little consideration. The two waves being in 
complete accordance when the interval of retardation is aii 
even multiple of the length of half a wave, and in complete 
discordance nheu that interval ts an odd multiple of the same 
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<}aitntity, it would seem, from the foregoing account, ttiat the 
bright rings should be formed at all those points for which 
n is an even number in the formula above ^ven, (or tlie 
thickness an even multiple of^ X sec 6,) and the dark rings 
at those points for which it is odd. If this were true, the 
point of contact should be a point of accordance, and the 
rings should commence from a bright centre, instead of a 
dark one. 

This apparent discrepancy is explained by the &ct, that 
the two reflexions take place under opposite circumstances ; 
one of the rays being reflected at the surface of a denser, 
and the other at that of a rarer medium. 

The efi*ect of this difference will be best understood by a 
simple illustration. When one elastic ball strikes another at 
rest, it communicates motion to it in all cases ; but its own 
condition after the shock will depend on the relative masses 
of the two balls. If the balls be equal, the first will remain 
at rest after the shock. It they be unequal, it will move ; 
and its motion will be itt the direction of its former motion, 
when its mass exceeds that of the second ball, — it will be in 
the opposite direction when It is less. This will help us to 
understand what passes when a wave reaches the surface se- 
parating two media. The particles of ether next the bound- 
ing surface communicate motion to the adjacent particles of 
the second medium, and thus give rise to the refracted wave. 
But the former particles will not remain at rest afterwards, 
unless the density and elasticity of the ether be the same in 
the two media. When this is not the case, the particles 
of the first medium will move, aAer communicating motion 
to those of the second, and in moving give rise to the 
reflected wave. Thus refraction is always accompanied by 
reflexion; and this reflexion is greater, the greater the diffe- 
rence of the densities of the ether in tlie two media. It ap- 
pears also, from what has been said, that the direction of the 
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motions of the particles of the first medium, after tnejr c 
municate motion to those of the second, will be different, ac- 
cording as the ether is denser or rarer in the first medium. 
In the former case the Tibration of the particles is in the 
same direction that it was before ; in the latter it is in the 
opposite direction. Thus there will be a reflected wave in 
both cases ; but in one case this reflected wave is caused by 
a vibration in the same direction as that of the incitlent wave, 
in the other by a vibration in an opposite direction, 

Tlie result of this difference is obviously the same as if 
one of the systems of waves were to gain or lose half an un- 
dulation on the other ; so that when the two waves, reflected 
from the two surfaces of the plate, should be in complete ac- 
cordance, as far as depended on the difference of the lengths 
of their paths, they will actually be in complete discordance, 
and vice cersd. Thus the dark rings will be formed where 
the thickness of the plate is any eeen multiple of ^ X sec fl ; 
and the bright ones where that thickness is an odd multiple 
of the same quantity; and thus the facts and the theory are 
reconciled. 

We have spoken of another set of rings visible by trans- 
mission. These arc produced by the interference of the 
rays directly transmitted through the plate with those which 
penetrate it after two interior reji^xiojia. It follows from the 
preceding considerations that they must be complementary 
to those seen by reflexion ; and this is observed to he the 
case. The extreme paleness of the transmitted rings arises 
from the great difibrence in the intensity of the interfering 
pencils. 

The theory of thin plates, as it came from the hands of 
Young, laboured under an imperfection, which was, how- 
ever, soon removed. It is obvious that the intensity of the 
two portions of iJglit, reflected from the upper and luider 
surfaces of the plate, can never be the same, — the light inci- 
dent on the second surface being already weakened by par- 
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tUI reflexion at the first. Tliesc two portions, therefore, 
could never wholly destroy one another by interference, and 
tlie intensity of the liyht in the dark rings could never en- 
tirely vanish, as it appears to do when homogeneous light is 
employed. M. Poisson was the first to point out, and to 
remedy, this defect in the theory. It is evident, in fuct, that 
there must be an infinite number of partial reflexions within 
the plate, at each of which a portion is transmitted ; and that 
it is the sum of all these portions, and not the two first terms 
of the series only, which is to be considered in the calcula- 
tion of the efTect. When the prohlem is taken up in this 
more general form, it is found that where the effective thick- 
ness of the plate is an exact multiple of the length of half a 
wave, the intensity of the reflected and transmitted lights will 
be the same as if it were removed altogether, and the bound- 
ing media placed in absolute contact ; so that when these me- 
dia are of the same refractive power, the reflected light must 
vanish altogether, and the transmitted light be equal to the 
incident. 

Here then we have reached a point, with respect to 
which the two theories are completely opposed. According 
to both, a certain portion of light is reflected from the first 
surface of the plate. This, in the Newtonian theory, is leflt, 
in all cases, to produce its full effect, — and there should 
therefore be a considerable quantity of light in the dark rings; 
— while, in the wave-theory, it is, at certain intervals, wholly 
destroyed by the interference of the other portions, and the 
dark rings should be absolutely black in homugencoua light. 
The latter of these conclusions seems to accord wiih phe- 
nomena, while the former is obviously at variance with them. 
This is clearly shown by an experiment of FrcancL A 
prism was laid upon a lens having its lower surface black- 
ened, and a porlion of the base of the prism was suffered to 
extend beyond the lens. The Ught reflected from this por- 
tion, occotdiog to the Newtonian theory, should not surpaia 
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in intensity that of the dark rings. The rougliest t 
sufficient to show that the intensity of the light in the two 
cases is widely different, and thus to prove that the dark 
rings cannot arise (as they are supposed to do in the theory 
of the fits) from the suppression of the second reflexion. 

When a beam of light falls upon two plates in succession, 
some of the many portions into which it is divided by partial 
reSexion at the bounding surfaces, are frequently in a con- 
dition to interfere, and to give rise to the phenomena of 
colour. 

Thus, when light is transmitted through two parallel 
plates, slightly differing in thickness, the colour is the 
same as that produced by transmission through a sin- 
gle plate, whose thickness is the difference of their thick- 
nesses, and is found to be independent of the interval of the 
plates. This phenomenon was observed by Mr. NicholsoD, 
and has been shown by Dr. Young to arise from the inter- 
ference of two pencils, one of which is twice reflected within 
the first plate, and the other twice reflected in the second. 
It is obvious, in fact, that if t be the thickness of the first 
plate, and f that of the second, the first pencil shall have 
traversed, in glass, the ibickness 3 / + f, and the second the 
thickness 3f'-f-(, the spaces traversed in airbcingthe same; 
so that the interval of retardation is the time of describing 
the apace Q{t~t) in glass. Sir David Brewster observed a 
similar case of interference produced by two plates oi equa 
thickness, slighlli/ inclined; the thickness traversed in the 
two plates being altered by their inclination. 

In both these cases, however, the interfering pencils are 
mixed up with, and overpowered by the light directly trans- 
mitted, and some contrivance is necessary to make the 
colours visible. The phenomena are much more obvious in 
the light reflected from both plates, which, on account of 
their inclination, is thus separated from the direct light. 
It is obvious, in fact, that the direct image of a luminous ob- 
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ject, seen through two glasses slightly inclined, will be ac- 
companied by several lateral images, fonucd by 2, 4, 6, &c. 
reflexions. These images Sir David Brewster observed to 
be richly coloured. The bands of colour are parallel to the 
line of junction of the two glasses; and their breadth is 
greater, the less their incUnation. The colours in the first 
lateral image are produced by the interference of the two 
pencils, abcdefgh, Kscdefgh, {Eg. 20) into which tbe ray is 
divided at the first surface of the second plate ; one of these 
portions being reflected externally by the second plate, and 
internally by the first, — while the other is reflected internally 
by the second, and externally by the first. The routes of 
these portions will obviously be equal when the plates are 
parallel, and differ in length only by reason of their in- 
cUnation. 

The two preceding cases of interference may be produced 
with plates of any thickness. What are termed the "colours 
of thick plates," liuwever, are phenomena of another kind, 
and arise in circumstances essentially diflerent. These phe- 
nomena were first observed by Newton. 

In Xewton's experiment a beam of light is admitted 
through a small aperture, and received on a concavo-convex 
mirror with parallel surfaces, tbe hinder of which is silvered. 
A screen of white paper being then held at the centre of the 
mirror, and having a hole in the middle to let the beam pass 
and repass, a set of broad coloured rings will be depicted on 
it, similar to tbe transmitted rings of thin plates. The dia- 
meters of these rings vary inversely as the square roots of 
the thicknesses of tbe mirrors. When the mirror is inclined 
a little, so as to throw tbe reflected image a little to one 
side of the aperture, the rings are formed as before ; but 
their centre is in the middle of the line joining the aperture 
and its image. About this centre is a spot which changes 
its appearance in a remarkable manner as the image recedes 
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from the aperture, being alternately dark and bright in ho- 
mogeneous light; and in white light assuming every gr*. ( 
dation of tint in rapid succession. 

These phenomena have been shown to arise from the 
interference of the two portions of light, which are irregularly 
scattered in the passing and repassing of the ray through 
the refracting surface. 

Thus, let o (fig. 21) be the aperture through which tha 
beam is admitted, and let it fall perpendicularly on a reflect- 
ing plate at a and n. A portion of the incident light will be 
irregularly scattered in the passage of the ray, oab, through 
the first surface of the plate; and this portion will diverge 
from the point a in all directions. Let ac be one of the rays 
which compose this scattered portion: this is reflected at 
the second surface of the plate in the direction en, and emei^ i 
gent in dm. But the direct ray, ab, which is reflected back ' 
ui BA, will again be partially scattered in repassing through 
the first surface. Let am be one of the rays of this se- 
cond scattered pencil, meeting the ray dm of the first at the 
point M ; and let us calculate their interval of retardation. 
The latter has traversed the space ab -|- ba in glass, and ah 
m air ; while the former has described the space ac + cd in 
glass, and dm in air. The interval of retardation is there- 
fore the time of describing am — dm in air, plus the time of 
describing ^(ab— ac) m glass; and it is easy to prove that 
the corresponding space in air is equal to 

a(2b + iia)' 

in which a denotes the distance, oa, of the screen from the I 
plate, b the thickness of the latter, and t/ the distance, oUt J 
of any point on the screen from the aperture. Equating this J 

to n -, it follows that the euccessivc bright and dark rings 4 
will be formed where 
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When a is very great in compariaon with 6, as is usually tlie 
case, we have simply 



When the interval between two glasses is filled with dif- 
ferent substances, such as water and air, or water and oil, in 
a finely subdivided state, the portions of light which have 
traversed them are in a coudition to interfere, the interval of 
retardation depending on the difference of the velocities of 
light in t))e two media. Accordingly, coloured rings will be 
seen when a luminous object is viewed through the glasses ; 
the rings being similar to those usually seen by transmission, 
hut much larger. But when a dark object is behind the 
lenses, and the incident light somewhat ohhque, the rings 
immediately change their character, and resemble those of 
the ordinary reflected system; one of the portions, in this 
case, being reflected, and therefore suffering a loss of half 
an undulation. 

These phenomena were observed and explained by 
Young, and were denominated by him the "colours of mixed 
plates," Young also observed some similar phenomena of 
colour in an unconfined medium. Thus, when the dust of 
the lycoperdon is mixed with water, the mixture exhibits a 
green tint by direct light, and a purple tint when the light is 
indirect ; and the colours rise in the series, when the diffe- 
rence of the refractive densities is lessened by adding salt to 
the water. The interval of retardation, in this case, depends 
on the magnitude of the transparent particle. 

Before I conclude this review of the two theories, in their 
application to the laws of unpolarized light, I would observe, 
that ant/ well-imagined theory may be accommodated to 
phenomena, and seem to explain them, if only we increase 
the number of its posttUates, bo as atill to embrace each new 
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class of plienomena as it arises. In a melapkystcaf teate 
eucli a theory may be said to be true, so long as it is thus 
nia<Ie to represent all known facts ; but it is no longer a phy- 
sical theory, whose very essence it ia to ascend in simplicity, 
at the same time that it rises in generality; — it is " a mob" 
of individual laws, without connexion, order, or dependence. 

These remarks seem to apply to the explanation of the 
phenomena of thin plates adopted in the theory of emission. 
These phenomena, Newton saw, could not be accounted for 
on the bare hypothesis of molecules shot from the luminous 
body, and subjected to the attractive and repulsive forces of 
the bodies which they approached or met in their progress- 
He was compelled to add a new property to light, — to endow 
these molecules with dispositions which seemed wholly alien 
to their other properties, and which could only be connected 
with them by assuming a material mechanism much more 
complicated than was at first proposed. But this was not 
all. Each of the laws of tliin plates required a neic property 
in the fits to which they were referred; and none of these 
properties were in any way related to the rest, or to the me- 
chanism on which they were supposed to depend. 

Tliese imperfections of the Newtonian theory are still 
more glaring when we pass from one class of pheuomeoa to 
another. The phenomena of diffraction, for example, are 
referred to principles altogether different from those which 
seemed to be required in explaining the colours of thia 
plates; and the two classes of phenomena, in this way of 
accounting for them, bore no relation of any kind to each 
other. 

All this is otherwise in the wave-theory. Here all ii 
simple — ^all in harmony. The principle of interference is a 
Rfct-fAnry consequence of the nature of a vibration; and this 
one princijiU:, as we have seen, explains in the most com- 
plete manner the laws of the other classes of phenomena. 



4 



^ 



LECTURE VI. 89 

But it is not merely in their reference to a common origin 
that these phenomena are thus found to be related. They 
are even bound by the chain of number. The simple hiws 
of interference^ — the laws of diffraction^ and those of thin 
plates, which we have seen to be reducible to them, — 
are all dependent upon a single constant, — the length of a 
wave of light in each medium ; and this constant being in- 
ferred from any one experiment, in any one class of pheno- 
mena, we can compute nnmericaUi/ the details of all the rest, 
and compare them with the results of actual measurement. 
The agreement is found to be complete. 

It is impossible to resist the conviction of the truth of 
a theory supported by such evidence. The explanation 
which it affords is not only complete, but it is also simple. 
Its ultimate laws, and its ultimate data, seem to be reduced 
to the smallest possible number ; and, when we contemplate 
the endless variety of phenomena which are thus simply 
grouped together, we feel that we have indeed been per- 
mitted to advance a step in the knowledge of the works of 
the Infinite One. 



THE END. 
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DOUBLE nSFRACTION. 



CrBNTLBHSN, — We have hitherto assumed that, when a ray 
of light is incident upon the surface of a transparent medium, 
the intromitted portion pursues, in all eases, a single deter- 
minate direction. This is, however, very far from the fact. 
In many, indeed in most eases, the refracted ray is divided 
into two distinct pencils, each of which pursues a separate 
course, determined by a distinct law. This property is called 
double refraction. It was first discovered by Erasmus Bartho- 
linus, in the well-known mineral called Iceland spar. After 
a long series of observations, he found that one of the rays 
within the crystal followed the known law of refraction, while 
the other was bent according to a new and extraordinary law 
not hitherto noticed by philosophers. An account of these 
experiments was published at Copenhagen, in the year 1669, 
under the title " Experimenta Crystalli Islandici dis-diaclm- 
tiei, iiuihiis mira et ins'ilila re/radio detegitur." 

A few years subsequent to the date of this publicatiou, 
the subject was taken up by Huygens. This distinguished 
philosopher had alreaiiy unfolded the theory which supposes 
light to consist in the undulations of an ethereal Huid ; and 
from that theory had deriveil, in the most lucid an<l elegant 
manner, the laws of ordinary refraction. He was, therefore, 
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naturally anxious to examine, whether the new properties of 
light, discovered hy Bartholinus, could be reconciled to the 
same theory ; and, in his desire to assimilate the two classes , 
of phenomena, he was happily led to assign the true law of J 
extraordinary refraction. The important researches of Huy- 1 
gens on this subject are confined in the fifth chapter of hiB f 
" Traite de la Lumiere." 

The property of double refraction is possessed by all crya- I 
tallized minerals, excepting those belonging to the tesattlar 1 
system, i. e. those whose fundamental form is the cube. It I 
belongs likewise to all animal and vegetable substances, in I 
which there is a regular arrangement of parts ; and, in fine, I 
to all bodies whatever, whose parts are in a slate oiuneqnatm 
compression or dilaiation. The separation of the two re«l 
fracted pencils is in some cases considerable, and the course of 1 
each easily ascertained by observation ; but it is generally i 
too minute to be directly observed, and its existence is only 
proved by the appearance of certain phenomena, which are 
known to arise from the mutual action of two pencils. In 
Iceland spar, the substance in which the property was first 
discovered, the separation of the pencils is very striking : and, 
as this mineral is found in eousiderablc masses, and in a state 
of great purity and transparency, it is admirably fitted for 
the exhibition of the phenomena. 

Carbonate of lime, of which Iceland spar is a variety, !• 
composed of 56 parts of lime, and 44 of carbonic acid. It 
crystallixes in more than 300 difierent forms; all of which 
may be reduced by cleavage to the rhombohedron, which is 
accordingly the primitive form. This solid, you are aware, 
is bounded by six equal rhomboidal faces, or equilateral 
parallelograms {fig, 1). The angles of these parallelo- 
grams, CAB and ABD, in the rhombohedron of Iceland spar, 
are 101* 55' and "8° 5'. Two of the solid angles, at a and 
o, are contained by three obtuse angles ; while the remiuninff i 
four are bounded by one obtuse and two acute angles. The J 
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line AO, joining the summits of the obtuse solid angles, is 
called the asis of the rhombohedron, and is equally inclined to 
the three faces which meet there. The angles at which the faces 
themselves are mutually Inclined are 105° 5' and 74" 55'. 

If a transparent piece of this substance be laid upon a 
sheet of white paper, on which a small black spot is marked 
with ink, we see two images of the spot instead of one, on 
looking through the crj'Stal ; and if the eye be held perpen- 
dicularly above the surface, and the crystal turned round in 
its plane, one of these images will appear to describe a circle 
round the other, which is immoveable, the line connecting 
them being in the direction of the shorter diagonal of the 
rhombic fiice. We may vary this experiment, by substituting 
for tbe dark spot on the paper a luminous point on a dark 
ground ; as, for example, the light of the sky seen through 
a small aperture. Uut (he most direct mode of performing 
the experiment is to transmit a ray of the sun*s light through 
the crystal, and receive the emergent pencils on a screen. 

If now we examine the course of the two rays within the 
crystal, we shall find that, at a perpendicular incidence, the 
deviation of one of them is nothing ; that, at any other in- 
cidence, the ray is bent towards the per|>endicular, the sines 
of the angles of incidence and refraction being in the constant 
ratio of l.)!fl4 to 1 ; and that these angles are always in the 
same plane. This ray, therefore, is retracted according to 
the known law, and is called the ordinari/ rajf. On examin- 
ing the other ray, however, we find that, at a perpendicular in- 
cidence, the deviation, instead of vanishing, is 6° 12'; that, 
at other incidences, the refracted ray does not follow the law 
of the sines ; and that, moreover, the angles of incidence and 
refraction are in different planes. This my, therefore, is re- 
fracted according to a new and different law, and is called tlie 
extraordinary ray. 

In proceeding to the consideration of this law, we must 
observe, in the first place, that there is a certain direction in 
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every double-refracting crystal, along which, it* a ray Ije 
transmitted, it is no longer divided. This line is called the 
optic axis, and all the phenomena of double refraction are 
related to it. There are. properly speaking, an infinite num- 
ber of duch lines within the crystal, all parallel to one another ; i 
so that the optic axis is fixed, not in position, but in direction 
only. I have already mentioned that the line connecting the 
obtuse solid angles of the rhombohedron of Iceland spar is 
the axis of the crystal. Now if we conceive a crystal- 
lized mass of this substance to be subdivided into its elemen- , 
tary molecules, which arc of this form, the axis of each of 
these molecules will be an opiic axis. The optic axis of the | 
crystallized mass, therefore, is a direction in space parallel to ' 
the axes of the elementary molecules, or equally inclined ] 
to the three faces containing the obtuse solid angle. 

All the phenomena of double refraction are symmetrical 1 
round this line. To see this, we have only to polish an 
tificial face on the crystal, perpendicular to the optic axis, I 
and to mark the course of the refracted rays. We shall thea 
observci that when the ray is incident perpendicularly on this I 
face, or in the direction of the a.Tis, it undei^oes no deviation | 
by refraction, and the ordinary and extraordinary rays a 
cide; that, for everj other incidence the ray is divided, the 
refracted rays being both in the plane of incidence, and the 
deviation of the extraonlinary ray being less than that of the 
ordinary. This deviation of the extraordinary ray (and there- 
fote the ratio of the sines) is the same for all rays equally in- 
clined to the axis, whatever be the azimuth of the plane of 
incidence. But it is found, that the ratio of the sines of inci- 
dence and refraction of the extraordinary ray is not constant, 
but diminishes as the inclination of the incident ray to the 
optic axis increases ; being least of all when the ray is pei^ 
pendicular to the axis. This least value of the ratio is called 
the extranrdinarti index ; in Iceland spar it b 1.483. 

In the preceding cases, the plane of incidence lontaiiu ' 
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the optic axU, atul the extraordinary ruy, we have »eeii, 
continues in thai plane. This is generally true under the 
same circumfitonces, whatever be the refracting surface. To 
sec it, we have only to look obliquely through a rhomb of 
Iceland spar at a point on a sheet of paper : the extraor- 
dinary imuge will be seen to revolve round the other, as the 
rhomb i^ turned, and will twice artive in the plune of inci- 
dence, — namely, when that plane contains the optic axis. 
The same coincidence of the two planes occurs also when the 
plane of incidence is perpendicular to the optic axis ; but in 
this case, the ratio of the sines of incidence and refraction of 
the extraordinary ray is cmutant, m that this ray then sati»- 
lieH hoth the laws of ordinary refraction. This constant ratio 
\% the extraordinary index already referred to ; it is best de- 
termined by means of a prism of the crystal, having its re- 
fracting edge paiullel to the optic axis. 

The direction of the two refracted rays is in all cases given 
by the following construction. Let ac (fig. 2) be the in- 
cident ray, and CF tlie section of the surface of the crystal 
made by the plane of incidence. Let the incident ray be pro- 
duced any where to b, and let bf be drawn perpendicular to 
it, meeting the surface in v. Let cd : cB : : sine of refraction 
to sine of incidence of the ordinary ray : and from the centre 
V, and with the radiuM en, let the sphere dog be described. 
Let the spheroid of revolution (lE be described with the same 
centre, its axis of revolution being in the direction of the 
optic axis of the crystal, and equal to the diameter of the 
sphere, while the other axis is greater in the ratio of the ordi- 
nary to the extraordinary index. The sphere and spheroid 
will represent the surfaces of the ordinary and extraonUnarif 
u-are». Now, if through F a line be drawn |)er])endicuhir to 
the plane of the diagram, and through that hne there be 
drawn tangent planes, fo and pb, to the sphere and ipheroid. 
the lines ro and CB drawn from the centre to the points of 
contact, will be in the direction of the ordinary and ex- 
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Iraordinary rays. This elegant conslrucdon was given by J 
Huygens. 

For this construction Newton substituted another, with- I 
out stating the theoretit-al grounds on which he formed it, or 
even advancing a single experiment in its couBrmation. In 
this unsatisfactory position the problem of double refraction 
was suffered to rest for nearly a century ; and it was not until 
the period of the revival of physical optics, in the hands of 
Young, that any new light was thrown upon the question. 
Young was led by the theory of waves to assume the truth 
of the law of Huygens ; and, at his instigation) WollaatoD 
undertook the experimental examination, wliich recalled to it 
the attention of the scientific world, and ended in its uni- ' 
versal admission. The French Institute soon after proposed 
the question of double refraction as the subject of their prize i 
essay, and the successful memoir of Malus left no doubt i 
maining as to the accuracy of the Hnygenian law. 

We have seen that in Iceland spar the extraordinary 
index is less than the ordinary, and that consequently the ex- 
traordinary ray is always refracted /'rom the axis. This, , 
however, is not universally true of all double-refracting crys- I 
tals. Biot discovered that there were many crystals in which , 
the extraordinary index was greater than the ordinary, and 
in which, therefore, the extraordinary ray is refracted toicardt 
the axis. Crystals of this kind he called attractive, while \ 
those of the fonner were denominated repuUiee ; the ex- ■ 
traordinary refraction being ascribed, in the theory of emis- 
sion, to an attractive or repulsive force, acting as if it ema- 
nated from the a.tirt. Among the attractive, or (as they are 
sometimes called) positive crystals, are guartz, ice, xircon ; 
the repul^ve or negative class is far more numerous, and in- 
cludes, among others, Iceland spar, sapphire, ruby, emerald, 
beryl, and tounnaltHe. The Huygenian law applies to attrats 
live as well as to repulsive crystaU, it being obsi-rved, that in , 
the fonner case the axis of revolution of the ellipsoid must be 



LECTURE 1. 



the greater axis of the ^aerating ellipse ; or. in other wonls, 
that the spheroid is prolate instead of oblate. 

We have hitherto assumed that there is but one optic axis 
in every crystal, or one direction only along which a ray will 
pass without division. It was reserved for Sir David Brew- 
ster to discover that (he greater number of crystals possessed 
two optic axes, and to establish a connexion between these 
diversities of optical character, and the varieties of crystalline 
form. Among the most remarkable of the crystals with two 
axes, may be mentioned arraijonite, mica, sulphate oj'bari/tfs, 
sulphate of lime, topaz, ai\i\ J'eLipar. The angles range in 
magnitude through the entire quadrant ; and they accord- 
ingly afford a new and important criterion for the distinction 
of mineral substances. 

It will appear from the foregoing, that crjsfalline bodies 
may be divided into three grand classes, with respect to their 
action upon light, namely — 

1 . SingU-reJ'ractinij crystals. 

2. Vniaxal crystals, or those which have one axis of 
double refnictian. 

3. Itiantl rri/staU, or those which have two such axes. 
Now Sir Uavid Brewster discovered, that all the crystals of 
the first class, i. e. all single-refractintf crystals, belong to the 
leMwlar system of Mohs ; that all uniaxal crystals belong 
either to the rhomhohcJral, or to the pyramidal system ; and 
that crystals of the thinl class, or biaxal crystals, belong to 
one or other of the prixmatic systems. 

I'hese important relations bear, in a very close and de- 
finite manner, upou the proximate cause of double refraction. 
It baM been just mentioned, that the only crj'stals which do 
not possess the property of double refraction, are those 
belonging to the tessular system, i.e. those whose funda- 
mental form is the cube. Now in this, and its derived forms, 
we can assign three lines at right angles to one another, 
round which the whole figure is symmetrical ; and we may, 
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therefore, reasonably conclude tlial (he density and elasticity 
of tlie crystal is the same in each of these directions, and 
consequently the same throughout. Again, crystals with 
one axis of double refraction belong either to the rhombofie- 
dral, or lo the pyramidal system, — systems whose fundamen- 
tal forms are the rhombohedron and the straiyht pyramid. In 
each of these forms there is one axis of figure, or one line 
round which the whole is symmetrical: and we may, there- 
fore, reasonably assume that the elasticity of the crystal is 
either greater or less in this direction than in others, while it 
is equal in all directions at right angles to it. The axis of 
form is, in this case, the axis of double refraction. Finally, 
in the oblique pyramid, which is the fiindamental form of 
tlie prismatic systems, there is no one line, or axis of figure, 
round which the whole is symmetrical ; and it is therefore 
probable that the density of the crystal is unequal in all the 
three directions. .Such crystals are found to have two optte 
axes. 

We have just stated, that in imiaxal crystals the optic '■ 
axis is also the axis of form. In biaxal crystals, it did not at 
first appear that the optic axes were in any manner related to 
the lines which bound the elementary crystal. Sir David 
Brewster, however, ascertained that if two lines be taken, one 
bisecting the acute, and the other the obtuse angle contained 
by the optic axes, these (together with a third line at right 
angles to both) are closely connected with the primitive form. 
We shall hereafter see that these are the fundamental lines of 
the physical theory, the two former being those in which the 
elasticity of the vibrating medium is greatest and least. 

These relations between the optical properties of crystaU < 
and their external forms, are so close and intimate, that any 
change (however produced) in one of them, is found to be 
accompanied by a corresponding change in the other. We shall 
find, hereafter, that if the form of a crystal be altered by me- 
chanical compression, or change of temperature, its refracting I 
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properties uiiiiergo a corresponding change, wliich is always 
in conformity with the laws above assigned. 

It was long supposed that one of the refracted rays, in 
every crystal, followed the ordinary law of the sines, while 
the other was refracted according to the Huygenian law. 
But Fresnel has proved, both from theory and by experiment, 
that this is not the case, and that in biaxal crystals, both rays 
are refracted in an extraordinary manner, and according to a 
new law. It is, in fact, a consequenceof his beautiful theory, 
that the form of the wave, which is propagated in the interior 
of such a crystal, is neither a sphere nor spheroid, as in uniaxal 
crystals, but a curved surface of the fourth order. This sur- 
face is composed of two sheers ; and if tangent planes be 
drawn to these, after the same manner as to the sphere and 
spheroid in the Huygenian law, the points of contact deter- 
mine the directions of the two refracted rays. 

I shall have an opportunity, in a future lecture, of re- 
turning to the theory of Fresnel ; and now proceed to illus- 
trate some of the more remarkable effects of double refraction. 

If a rhomboid of Iceland spar, or any other double-re- 
fracting crystal, be placed close to a small object, — as, for 
example, a black spot on a sheet of paper, — it will be observed 
that one of the images is sensibly nearer than the other ; and 
that the difference of their apparent distances changes with 
the thickness of the crystal, and with the obliquity of the ray. 

This effect is easily accounted for. It is a well-known 
principle of common optics, that when an object is viewed 
through a denser medium bounded by parallel planes — as, for 
example, a cube of glass — the image is nearer to the surface 
than the object ; the difference of their distances being to the 
thickness of the medium, as the difference of the sines of in- 
cidence and refraction to the sine of incidence. This interval, 
through which the image is made to approach, increases 
therefore with the refractive power of the medium ; thus in 
water it is \ of the thickness, in glass \, and so for other 
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media. Now aa double-refracting crystals have two refractive 
indices, of different magnitudes, there n-ill accordingly be (wo 
images, at different distances from the surface. In Iceland 
spar, the ordinary index is greater than the extraordinar)', 
aod therefore the ordinary image is nearer than the other. 
The rereree U the case in positive crj-stals, such as quartz, in 
which the estraordlnarj' refraction is the greater. 

The refractions being equal at the two parallel surfaces of 
tlie rhomb, whether the refraction be ordinary or extn^ 
ordinary, the two rays will emeige parallel to the incident 
ray, and therefore parallel to one anotlier. The distance be- 
tween them wiU be proportional to tlie ihicksest) of the crys- 
tal, and will of cour^ be the same at all distances fi^m the 
rhomb. But if the surfaces be inclined, so as to form a 
prism, the deviation of the two rays will be different, and 
they will emerge inclined to one another ; consequently the 
separation will increase with the distance. 

Such a separation is of great use in many experiments. 
In order to render the divergence of the emergent pencils 
greatest, the prism should be cut with its edge parallel to the 
optic axii ; so that the refraction may take place in a plane 
perpendicuhtr to the axis. In this case the ordinary and ex- 
traordinary refractions differ by the greatest amount, and 
therefore the difference of the deviations of the two pencils is 
greatest. A double-refracting prism thus cut is usually 
achromatized by a prism of glass, with its refracting angle 
turned in the opposite way- 

A much better arrangement has been suggested by Dr. 
Wollaston. Two prisms of the same substance, and of equal 
refracting angles, are cut in such a manner, that in one the 
refracting edge is parallel to the optic axis, and in the other 
perpe'tdicttlar to it. They are then united, with their refract- 
ing angles turned in ojtposite directions, so as to form a pural- 
lelopipcd ; and the effect of this arrangement, it will presently 
apj^eur, is to ilouble tiie separation of the images produced by 
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viiher singly. By this duplication the weak double refraction 
of rock crystal is reudered very sensible. 

Ad achromatic prism of this kind is employed in the double 
image micrometer, nn ingenious and valuable instrument in- 
vented by Itochon. It consists of a telescope, in which a 
prism, such as we have described, is introduced between the 
object glass and its principal focus (fig. 3) ; and thus two 
images are formed in the principal focus, whose interval ts 
greater or less, according to the distance of the prism from 
that point. When the instrument is used, the prism is moved 
until the two images appear in contact, and its distance from 
ihe focus is then read on a graduated scale. The two angles 
in this case having the same subtense, the visual angle of 
the object is to the deviation produced by the prism, as the 
distance of the prism from the focus is to the focal length. 
Now the divergence of the two rays is constant for a given 
prism, and miiy be determined either by cidculation or ex- 
|)eriment ; consequently, the visual angle is deduceil from 
the preceding proportion. By this instrument M. Arago has 
determined the apparent diameters of the planets, with a pre- 
euion greater than had been before attained by any other 
means. 

The same instrument has been also employed successfully 
in war, to determine the distance of an inapproachable object. 
Thus, if it be required to ascertain the distance of the walls 
of a besieged town, in order (o know whether they are within 
the range of shot, we have only to measure by this instrument 
the angle subteiuletl by a man, or any other object whost? 
average hnght is known. The height of the object, divided 
by the tangent of the angle, is the distance required. 
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POLARIZATION OF LIGHT. 



GsNTLEMEN, — In the various phenomena which take platf.l 
when a ray of light encounters the surface of a new medium, | 
it has been supposed that the direction and intensity of the | 
several portions into which it is subdivided, are wholly t 
dependent of Che aide of the my ; or, that the direciion and 
intensity will continue the »anic, on whatever side of the ray 
the surface is presented, provided that the angle and the plane 
of incidence continue unchanged. In other words, it waa 
taken for granted that a ray of light had no relation to spacer 
with the exception of that dependent on its direction ; that, 
around that direction, its properties were on all .tides alike ; 
and that, if the ray be made to revolve round that line as an 
axis, the resulting phenomena would be unaltered. 

Huygens was the first to observe that this was not always ] 
the case. In the course of his researches on the law of double ( 
refraction, he found that when a ray of solar light is received 
upon a rhomb of Iceland crystal, in any but one direction, it j 
is aiways subdivided into two of equal intensity. But, o 
transmitting these rays through a second rhomb, he was sur- 
prized to observe that the two portions, into which each of them J 
was subdivided, were no longer equally intense; that their 
relative brightness depended on the position of the second j 
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rhomb with reg^ard to the first ; and that there were two luch 
position!) in which one of the rays vanished altogether. 

On analyzing the phenomenon, we find that these two 
positions are those in wliich the principal sections of the 
two crystals are parallel or perpendicular. When these 
sections are parallel, the ray which han undergone ordi- 
nary refraction by the first crystal, will be also refracted 
ordinarily by the second ; and the ray which has been extra- 
ordinarily refracted by the first, will be also extraordinarily 
refracted by the second. On the contrary, when the prin- 
cipal sections of the two crystals are perpendicular, the ray 
which haa suffered ordinary refraction by the first crystal, 
will undergo extraordinary refraction by the second ; and the 
extraordinary ray of the first, will be refracted according to 
the ordinary law in the second. In the intermediate positions 
of the two principal sections, each of the rays refracted by 
the first crystal will be divided into two by the second ; and 
these two pencils are in general different in intensity, their 
intensities being measured by the square of the cosine of the 
dbtance from the position of greatest intensity. 

From this "wonderfril phenomenon," as Huygens justly 
called it, it appears that each of the rays refracted by the 
first rhomb has acquired properties which distinguish it 
altogether from solar light. It has, in lact, acquired aides ; 
and it is evident that the phenomena of refraction depend, 
in some unknown manner, on the relation of these sides to 
certain planes within the crystal. Such was the conclusion 
of Newton. "This argues," says he, "a virtue or dis- 
position in those sides of the rays, which answers to, and 
sympathizes with, that virtue or disposition of the crystal, as 
the poles of two magnets answer to one anolher." 

Although the phenomenon discovered by Huygens wa« 
one of the higheist interest in itself, and in its hearings of such 
importance in the mind of Newton, as to force him to admit 
the existence of properties in the rays of light which, until 
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t^M*^^ h9$A fMrr#;r iMHni manf^ntA^ jtt die 

M//f4»r ii>»;iiit IM y«ju«, a unique Jatt in 

4#«4 pitifiUftnifitMt — th« properties wliieh figfa 

ffftmt^ Iff Utihi fiisffuste in aimoHt erery modilifafina vUck it 

MfMl^^^iMt -remained unnoticed until the begiumg of tbe 

l^fM^Nfi tt$ininfy, 

Ui ^m y^ar IMM^ while Mains was engaged in dbe 
fmAfmmidA ftmiHfii\%Mk by which he so eomplelelT 
%Uh IliiyKi^rfiari law of double refraction, he 
tt¥M%\u)l Ut Um\ a double-refracting prism towaids the 
ut i\m I ju«fmliourK palace^ which then reflected die nja of 
MiK ft«ti(iiiK %ni\. On turning round the |msni, lie wias 
mI^imUIi^mI to And that the ordinary image of the window 
mM\i diiiap|Mtari«d in two opposite positions of the prisD^ 
wlfilM in I wo otititr iMisitions, at right angles to the former, the 
NfffHordifmry inm|(<s ni?arly vanished. Struck with the ana- 
logy Iff ttiU ifht^nornifnon to that which is observed when light 
U UM\^m\\\MA through two rlioml)oids of Iceland spar, he was 
Iml fit drills to MM^rHH) it to iiome property which the light had 
lii(i|Minul ih \U pasnaKii through the atmosphere: but he soon 
HbriiMliiMMil lliU iihm, and found that the property in qnesdon 
wa# ioiprMviHsd upon tlu) light by reflexion at the sur&ce of the 

l^irnMing tlui Mubjuct, he was led to the important dis- 
I'MVMryi lliat wbun a ray of light is reflected from the sur&ce 
ol^ gIfiM, or WHiur, or any other transparent medium, at cer- 
MiJM ftMgbf«i fliu ri)llm)tu<l ruy acquires all the characters which 
liMil biuMi hiMiiil io btilong to the light which had undergone 
iloulilti iMlmnlioM. When received upon a rhomb of Iceland 
ii|Mi»i or II iloMbl«<-riifracting prism, one of the two pencils into 
H'lili'li \\ U gitiinrally divided vanished in two positions of the 
iliMMili, iiuinidy, wliDii the principal section of the crystal 
U |Mihillii| or purpnndieular to the plane of reflexion ; while, 
IM hilniMMidhilK ponitioiiM, these pencils varied in intensity 
lliiMMgli i<vi«fy poMible gradation. 
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A rey, then, may acquire sides or poles — may, in short, 
be polarized — by reflexion at the surface of a transparent 
medium, as well as by double refraction. 'Y\\e plane of polar- 
ization is the plane of reflexion at which the effect is pro- 
duced ; and it is eiperimentally known by its relation to the 
principal section of a double-refracting crystal, the ray under- 
going ordinary refraction only, when the principal section is 
parallel to the plane of polarization. 

But a polarized ray possesses many other characters. To 
understand these, we should observe that when a ray of light, 
proceeding directly from a self-luminous body, is received 
upon a reflecting surface at agiven angle, the intensity of the 
reflected beam will be unaltered, whether the sur&ce be above 
or below, on the right or on the left of the incident beam. 
The case, however, is altered, if, Instead of the direct light of 
a self-luminous body, we submit to the same trial light which 
has been polarized by any of the means already alluded to. 
It is then no longer indifferent on what side of the ray the 
new surface is presented. The iiiclinalion of the reflected or 
transmitted ray will, indeed, remain unaltered, on whatever 
tide the surface be presented ; but its intensity will be very 
different ; and a ray which is reflected most intensely when 
the new surface is presented at one side, under a certain angle, 
will be wholly transmitted when it is offered to another, all 
other circumstances being identical. 

It is evident then, that the ray which has suflered reflexion 
at the firat surface, in this experiment, has in consequence 
acquired properties wholly distinct from the original light. 
The latter is equally reflected in every azimuth of the plane 
of reflexion; while, on the other hand, the intensity of the 
twice- reflected ray diminishes, us the angle between the re- 
flecting planes increases ; and it vanishes altogether, and the 
ray is wholly transmitted, when the plane of reflexion at the 
second surface is perpendicular to that at the flist. These 
sides, or poles, unee acquired, are retained by the ray id all 
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X. It saStn mo rejitxitm at the pt^sbed sor^ce of a traii»- 
pacat — ™^"—, wbeo this sui&ce is presented to it at a oer- 
Mn ngle* >Bd ia a plane of indilence perpendicular to the 
K of polaaatiaa ; while it b partialbf reflecttd, when the 
ectng sv&ce is pteseBted in other planes of incidence, or 
outer different angles. 

3. We shall find that it caiotot be transmitted through a 
plate of tounnaline, whose axis u parallel to the plane of p»- 
krixation ; while it is transinitted with an increasing inten- - : 
uty, as the axis of the cr\-«tal is turned from that portion. 

These properties are inrariably connected, so that anjr , 
one of them will serve to distinguish a polarized from an u 
polariied ray. 

The apparatus best fitted for the exhibition of these phe- 
nomena is that devised by M. Biot. It consists of a tube, 
(iu-nished at its extremities with two graduated rings, which 
are capable of revolving in a plane perpendicular to the axis of 
the tube. Each of these rings carries a plate of glass set id a 
frame, and held by two projecting arms. These plates are 
capable of revolving round a transverse axis, so that their in- 
clination to the axis of the tube may be varied at pleasure; 
and a small graduated circle, attached to one of the arms, 
GS the inclination. The whole apparatus is connected 
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with a vertital pillar, by a moveable joint, so thai the tube 
I'lBay be inclined to the horizon at any angle. In thb tbnn of 
KAe apparatus, it \s armnged to exhibit the properties of 
polarised light dependent on Teflexioii ; in order to show the 
other properties, one of the glass plates may be removed, and 
a <louble'refracting prioin, or a plat« of tourmaline, substi- 
tuted in its place. 

We have now seen that a ray of light ia polarized, when 
it is incident upon water at an angle of 63°, or upon glass at 
an angle of £7°. But in pursuing his inquiriefi, Mains found 
that all other reflecting substances, the metals alone excepted, 
impressed upon the reflected light the same modification; and 
that the angle of incidence at which this effect was produced 
(and which is called the anr/leoj'polarizaiion) was in general 
I different for every different substance. 

H As yet, no connexion was perceived to exist between the 
■ polarizing angle and the other properties of (he substance 
with regard to light. Malus. in feet, conceived that the pro- 
perty of polarizing light by reflexion, which different bodies 
possessed at different angles, was wholly independent of their 
other modes of action Upon light. It was reserved for Sir 
David Brewster to show the error of this suppoiiition, and to 
establish one of the most important laws in the whole range 
of physical optics. In the year 1811, be commenced an ex- 
tensive series of experiments, with the view of determining 
the angles of polarizatio'n of different media, and of connect- 
ing them by a law. The result of these investigations was 
the simple and remarkable principle, that *' the index ofre- 
fraetioH of the substance is the tangent of the angle of polar- 
ization," Hence, when the refractive indexis known, the angle 
of polarization is inferred, and v. r. ; and we leani Irom the law 
that this angle ranges in different sulwlances from 45° ti[>- 
wards, increasing always with the refractive power. 

Since the refractive index is different for the differently- 
loure<( mys which compose solar light, it follows necessarily 
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that all the rays of the spectrum are not polarized at the same | 
angle : ho that if a beam of solar light be reflected succes- 1 
sively by two glass plates, whose planes of reflexion are at I 
right angles, the reflected beam will never be wholly extin- I 
guishcd, but will be coloured red or blue, according as the I 
angle of incidence is the polarizing angle of the more, or I 
of the less refrangible rays. This efl'ect is, of course, I 
mure observable in the highly dispersive substances; audi 
is particularly striking in lieer of antimony and specular iron. I 
The law of Brewster may be presented in another form. I 
We may say that the angle of polarization is such, that the | 
refieeteil and rejracted rays form a right angle. In fact, if J 
this angle be denoted by ir, and the corresponding angle < 
refraction by p, we have 



tan ji 



- fi, or - 



cos 7r sm p 
therefore cos w = sin p, and tt -|- p = 90°. 
Now the angle of reflexion is equal to the angle of ii 
dence n- ; consequently the angles of reflexion and refraction J 
are complementary, and the reflected and refracted rays are« 
perpendicular. 

The law of Brewster applies to the case of light reflected I 
from the surface of a rarer, as well as that of a denser m^ 1 
dium ; and it follows from it, that the two angles of polar-a 
ization, at the bounding surface of the same two media, a 
complementary. For the index of refraction, from the denser] 
into the rarer medium, is the reciprocal of the index, wheal 
the light proceeds in the contrary direction ; consequent-fl 
ly the tangents of the angles of polarization in the Um\ 
cases are reciprocals, and the angles themselves complei 
tary. 

It follows from this, that when a beam of light falls upon a i 
medium bounded by parallel planes, and at the polarizing 
angle of the first surface, the portion which enters the me- 
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ilium shall meet the second sur&ce also at its polarizing 
angle, and be completely polarued by reflexion there. For 
the ray being incident upon the first aurfece at the po- 
larizing angle, the angle of refraction will be the comple- 
ment of the angle of incidence, and will be therefore equal 
to the angle of polarization at the second surface. But the 
surfaces being parallel, the angle of refraction at the fintt 
eurfitcc is equal to the angle of incidence at the second ; the 
ray will therefore fall upon the second surface at its polariz- 
ing angle. 

From the same principles it follows, that if several plates 
of glass, or of any transparent substance, be arranged parallel 
to one another, and a ray of light be incident upon the first 
surface at the polarizing angle, the several portions which 
reach the succeeding sur&ces will meet them also at their 
polarizing angles, and the portions reflected at each will be 
completely polarized. Such a pile of plates is therefore 
highly aseful as a polarizer ; for the reflected beam is ne- 
cessarily fiir more intense than that produced by a single 
surface. 

It has been shown, that when a beam of light is po- 
larized by reflexion, and is then suflered to ' fall upon a 
second reflecting surface at the polarizing angle, the inten- 
sity of the twice-reflected beam will vary with the inclination 
of the planes of reflexion ; being t/reateat when these planes 
are coincident, and nothing when they are perpendicular. In 
all cases, lAe iiUensitij varies a» the gtjuare of the cosine of 
the angle formed by the two planes ofrefttsion. This law 
was at first conjecturally assumed by Malus; its truth 
has since been verified by the experiments of Arago and 
others. 

It follows, as a consequence of this law, that a beam of 
common light may be conMdere<i as composed of two po- 
larizcil beams of equal iotenstty. whose planes of polarization 
are perpendicular. For if I denote this common intensity. 
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and a llie angle whicli tlie plane of refloxion makes with ttu 
plane of polarization of one of the beams, 90° — a will be t 
angle whicb it forms with that of the other. Conaequeritly, tlu 
intensity of the reflected light in the former of these h 
will be I eos ^a, and in the latter 1 sin ''a ; and the sum C 
these, or the total intensity of the reflected light, is 

I (coa 'a + sin "a) = I. 
The intensity is therefore constant, and independent of the I 
position of the plane of reflexion with respect to the ray; and i 
this, we have seen, is the essential character of common, or 
unpolarized light. 

We now proceed to consider the effects which take placc^ i 
when the light is incident upon the reflecting surface at aa 
angle different from the polarizing angle. 

Mains observed, that when the angle of incidence ^ 
either greater or less than the polarizing angle, the properties 1 
already described were only in part developed in the reflected 
pencil ; that neither of the two pencils into which it was di- 
vided by a rhomb of Iceland spar ever wholly vanished ; but 
that they varied in intensity between certain limits, thes 
limits being closer the more remote the incidence from the 1 
polarizing angle. From this he naturally concluded, that, in < 
these circumstances, a portion only of the reflected ])encil hod 
received the modUication to which he had given the name of | 
polarization, that portion increasing as the incidence ap- 
proached the polarizing angle ; and that the remainuig portion 
was unmoilifled, or in the state of common light. Partially 
polarized light, then, according to Mains, is composed of two ' 
portions, one of which is wholly polarized, while the other is 
in the state of ordinary, or unpolarized light. In this sup- 
position Malus has been followed by most subsequriit phi- 
losophers. \ diflerent view of the phenomenon of partial 
IMilarization has been taken liy Sir David Brewster, to which 
I shall have occasion hereafter to alliide. 
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If this parti ally-polarized light be reflected at a i^econd 
surface in the same plane, and at the same angle, the reflected 
pendl is found to contain a greater proportion of polarized 
light ; and by increasing the number of successive reflexions, 
the light niuy become, as to sense at least, wholly polar- 
ized. Tliis fact was discovered by Sir David Brewster ; and 
it was found that light may be polarized at antf incidence, by 
a sufficient number of reflexions, — the numlwr of reflexions 
necessary to proituce this result increasing, as the incidence 
is more removed &om the polarizing angle. 

It remains to say a few words of the modiflcation which 
light undergoes in refraction. 

When a beam of common light is suflered to fall upon a 
plale of glass, a portion of it ui all cases enters the plate, luid 
is refracted ; and this refracted portion is found to be partially 
polarized. The quantity of polarized light in the refracted 
beam increases with the incidence, being nothing at a per- 
pendicular incidence, and greatest when the incidence is most 
oblique. The plane of polarization is not (as in the case of 
reflected light) coincident with the plane of iuddence, but 
perpendicular to it. 

The connexion between the light thus polarized, and that 
polarized by reflexion, is very intimate, the two portions 
being always of equal intensity. This remarkable law was 
discovered by Arago, and may be thus enunciated — " H'hen 
im itnpolarized ray it partly reflected at, and partly trans- 
mitted thruuijhf a transparent surface, the reflected and trans- 
mitted portions contain equal quantities of polarized liijht ; 
and their plants 0/ polarization are at right angles to each 
other." Acconlingly, when a beam of light falb on the sur- 
face of a tnuisparent medium, a portion of it is always sub- 
divided into two of equal intensity, one polarized in the plane 
of incidence, and the oilier in die [)erj>endicular pUue ; and 
the former of thi-w" |H)riions is refii^cted. while the latter is 
refract c<l. 
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If the tTansmitted beam be received upon a second plate 
parallel to the tint, the portion of L-nmmon light vhicfa it con- 
laing undeagoes a oew subdivision ; and so continually, what- 
ever be the number of plates. Hence, when that number is 
•officieDtly great, the transmitted light will be, as to sense, 
compUtely polarized. No one can fail to observe the analogy 
between this phenomenon and the polarization of a ray by suc- 
ccflsive reflexions ; there is, however, this remarkable diSereoce 
between the two cases, namely, that the plane of polarizatioD of 
the refracted ray does not (like that of the reflected ray) co- 
incide with the plane of incidence, but is perpendicular to it. 
These facts were discovered by Mains. The laws of tbe 
phenomena have been since investigated, in much detml, by 
Sir David Brewster ; and he has drawn the conclusion, that 
when a ray of light is transmitted through any number of 
plates, in the same plane of incidence, the polarization will be 
(as to sense at least) complete, when the sum of the tangena 
of the angles of incidence is equal to a certain constant. 
Hence, when tbe plates are parallel, and the incidence there- 
fore the same on all, the tangent of the angle of complete 
polarization is inversely as their number. 

It is a remarkable consequence of these principles, that 
when a ray is incident upon a pile of parallel plates at the po- 
larizing angle, after passing a certain number, the intensity of 
the Iranemilled beam will undergo nojurther diminution. For, 
» the transmitted beam is wholly polarized, since iu 
plane of polarization is perpendicular to the plane of inci- 
Aeaix, no |)ortion of it whatever will be reflected by any of 
the Mucceeding plates ; and it is therefore transmitted without 
dinunutioii through them, whatever be their number. The 

t it different, however, when the light is incident on the 
ptl« at Any ollwr than the polarizing angle ; and it is there. 
lifest lluit the inienoity of the light transmitted through 
■ lliick pile it greatest, when it is incident at the polariziog 



There are certain crystals which, like the pile of tran»- 
pareiit plates, possess the property of polarizing tlie tran§- 
mitted light — a property which has been by some thought 
to depend Upon the same prineiples. Thus, when a ray of 
common light is suffered to pass through a plate of lour- 
maline, it emerges polarized in a plane perpendicular to the 
(«■(> o/tke crystal. This fact may be proved by submitting 
the ray to any, or aU, of the three tests of polarization already 
mentioned. 

This property depends upon a peculiarity in the absorbing 
powers of double-refracting crystals, — namely, that the ofr- 
aorptiun of a polarized ray varies with theposition ofttsplane 
of polarization with respect to the crystal. Tourmaline, for 
example, absorbs a polarized ray more rapidly when the plane 
of polarization is parallel to the axis, than when it is perpen- 
dicular to it. But when a ray oicommott light falls upon this 
crystal, it is divided into two, one of which is polarized in a 
plane passing thruugh the axis, and the other in a plane per- 
pendicular to it. Accordingly, the formeroftheseisabsorbed 
more rapidly than the latter ; and, when the plate is sufficiently 
thick, the latter portion alone will b« sensible in the traiift- 
mitted light. 

The tourmaline, accordingly, is of the greatest service in 
experiments on polarized light ; not only as affording a ready 
test of polarization, but also in producing a polarized beam. 
It has thedisadviintages, however, that the polarization of the 
emergent beam is never perfect, and that the intensity of that 
beam is much weakened by absorption — both the rays being 
absorbed in their passage through the crystal, though with 
unequal energies. The polarization prmluced by double re- 
fraction is the most complete of any ; while the intensity of the 
polarized beam is greater than that produced by any other 
means, being very nearly one-ha{foi the intensity of the on- 
^nal beam. The intensity of tlie light reflected from a plate 
of glass, at the polarizing angle, is not more than the y'^th 
part of that of the inddeut light. 
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POLARIZATION OF LHJHT, 



Gentlemen, — Having examined the principal phenomena ' 
of polarized light, and their lans — so far as these laws can be 
detected hy experiment — we may now proceed to conrider 
their connexion with the physical theory. 

On a former occasion, when considering the phenomena^ 
of unpolarized light, I discussed their bearing upon the fiotffl 
theories — the theory of Newton and that of Hnygens ; and itW 
appeared, on an examination of the facts then considered, that A 
the weight of pro h ability was altogether in favour of the lat- 
ter. Of the phenomena which we have been lately consider- 
ing, and of those which still remain to be unfolded, the 
explanations afforded by the Newtonian theorj" are, compa- 
ratively sjwaking, so scanty and incomplete, that we shall 
best consult our own progress in this interesting branch of 
acience, by confining our attention in what follows to tbc 
wave-theory. 

It is strange that the department of optics in whidi the ' 
wave-theory now stands unrivalled, should be the very s: 
which Newton selected as affording the most decisive evidence 
against it. " .\re not," says he, " all hypotheses erroneous, 
in which light is sup|)09ed to consist in pressure, or motion, 
propagated through a fluid medium?" . . . . " for pressures, or I 
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motions, propngatL-cl from a sliining body tlirouglt an iiiiiform 
medium, must be on all BidcH alike; whereas it appesre that 
the rays of li^ht have different properties in their different 
sides." In ihisi objection Newton seems to have had his 
thoughts fixed upon that species of undulatory propagatioD, 
whose laws he himself had so sagaciously unfolded. Wheo 
Krnnd 19 propagated through air, or water, or any other uni- 
foim medium, the vibrations of the particles of the ur, or 
water, are performed in the same direction in which the wave 
advances; and if the vibrations of the ether which constitute 
light were of the same kind, the objection would seem to be 
insuperable. For, if the particles of the ether be supposed to 
vibrate in the direction of the ray itself, it seems inconceivable 
that such a ray could bear a different relation to the different 
parts of the surrounding space ; every thing, in fact, would 
be similar on all sides of the ray — above aod below, on the 
right hand and on the loft. 

But the case is ultere<l, if the vibrations of the ethereal 
particles be ])erformed in a transverse direction. Let us sup- 
pose that the direction of these vibrations is perpendicular to 
that of the ray : then it is obvious that if these lUrections be 
up and doim (for example) while the ray advances horizon- 
tnUif, such a ray will bear a relation to the parts of space 
above and below different from that which it bears to those 
parts which are on the right hand and on the left. Such is, 
in fact, the mode of vibration which is now assumed to belong 
to the ether, in the wave-theory, — the vibrations of the ethe- 
real molecules being supposed to be performed in the plane o/ 
the wave ; and we shall find that, with the help of this assump- 
tion, all the complicstcd phenomena of polarization and 
double refraction are explained in the fullest and most com- 
plete manner. 

The principle of transversal vibratioHS, as it is called, 
first suggested itnelf to the sagacious mind of Young. Fres- 
nel arrived at tlie same principle independently, and has 
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reared upon its basis llie noblest fabric which has ever adoi 
the domain of physical science, Newton's system of the 
veree alone excepted. 

When an ethereal molecule is displaced fi-om its posid< 
of equilibrium, the forces of the neighbouring molecules at«< 
no longer balanced, and their resultant tends to drive the pa^ > 
tide back to its position of rest(a). The displacement being 
supposed to be very small, in comparison with the intervals 
between the molecules, the force thus excited will be propor- 
tional to the displacement ; and from this it follows, according 
to known mechanical principles, that the trajectory described 
by the molecule will be an ellipse, whose centre coincidea 
with the position of equilibrium. Hence the vibration of the 
ethereal molecules is, in general, elliptic, and the nature of 
the light depends on the direction and relative moffitititde of 
the axes. By the principle above referred to, these elliptic 
vibrations are all in the plane of the wave ; their axes, 
however, may either preserve constantly the same direction 
in that plane, or they may be continually shifting. In the 
former case, the tight is said to be polarized ; in the latteij 
it is unpolarized, or common light. 

The relative mag^iitude of the axes of the ellipse del 
mines the nature of the polarization. When the axes are equal, 
the ellipse becomes a circle, and the light is sdd to be 
cularly polarized. On the other hand, when the lesser axis 
vanishes, the ellipse becomes a right line, and the light is said 
to be plane-polarized — the vibrations being in this case con- 
fined to a single plane passing through the front of the wave. 
In intermediate cases, the polarizadon is called elliptical, and 
its character may vary indefinitely between the two eztremea 
of plane polarization and circular polarization. For the pi 
sent we shall confine our attention to the caae of right-1 
vibrations. 

(n)ThU ii not Hrictlv true, »copt in honin);eni.>nu> or uacrjslalliiffd in«<lita 
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In onh-T 10 conceive the manner in whieh an undulation 
may be propagated by transversal vibrations, let us imagine a 
cord stretched in a horizontal position, one eud being at- 
tuched to a fixed point, and the other held in the hand. If 
the latter extremity be made to vibrate, by moving the hand 
up and down, each particle of the cord vill, in succession, be 
thrown into a similar state of vibration ; and a series of waves 
will be propagated along the cord with a uniform velocity. 
The vibrations of each succeeding particle of the cord, being 
similar to that of the first, wiU all be performed in the same 
plane, and the whole will represent the state of the ethereal 
particles in a polarized ray. The plane of vibration is the 
plane of polarization. 

Now if, after a certain number of vibrations in the vertical 
plane, the extremity of the cord be made to vibrate in some 
other plane, and then in another, — and so on, in rapid succes> 
sion, — each particle of the cord will, after a certain time pro- 
portional to its distance from the extremity, assume in suc- 
cession all these varied vibrations : and the whole cord, in- 
stead of takingthe form of a curve lying all in one plane (as in 
the last case) will be thrown into a species of helical curve, 
depending on the nature of the original disturbance. Such is 
the condition of the ethereal particles in a ray of common, or 
unpolarized light. 

When, therefore, we admit a connexion to subsist among 
the particles of the ether, such as that which holds among the 
particles of the cord, we see that there is no difficulty in con- 
ceiving how a vibration may be propagated in a direction per- 
pendicular to that in which it is executed. It is true, the 
particles of the ether are not chained together by coheMve 
forces, like those of the cord we have been considering ; but 
the attractive forces which subsist among them are of the same 
kind, and may be shown to produce a similar effect. In feet, 
let us consider the ethereal fluid in the point of view in which 
it is regarded in the sounder physics of the present day, — let 
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UB conceive it to be composed of molecules, separated by ini 
tervals which are probably considerable as compared withi 
their magnitude, and acting on one another according to soma^ 
law varying with the distance. When any row or lii 
such molecules h similarly displaced, and through a H 
which is small compared with the separating intervals, I 
molecules of the succeeding row will be moved In the s 
direction by the forces which are thus developed with the 
change of distance ; so that the vibrations of the particles 
composing the first row will be communicated to those of tha j 
second, and thus the vibratory motion will be propagated in ] 
a direction perpendicular to that in which it takes place. Thtt I 
rapidity of the propagation will depend on the magnitude of I 
the force developed by the displacement, 

To account for the fact, that there are no sensible vibrap- . 
tions in a direction normal to the wave, we have only to 8U[^ 
pose the repulsive force between the molecules to be very 
great, or the resistance to compression very considerable. 
For, in this case, it will be seen, the force which resists the 
approach of two strata of the fluid is much greater than that 
which opposes their sliding on one another. 

But the existence of transversal vibrations, and of trans- 
versal vibrations only, is a necessary consequence of the laws 
of interference of polarized light, if the theory of waves be 
admitted at all. It has been expcrimenttilli/ proved, by Fresnel 
and Arago, that two rays oppositthj polarized compound a 
tingle ray whose intensity is constant, whatever be the phases 
of vibration in which these rays meet. But theory shows, 
that th« intensity of the light resulting from the union of two 
rays oppositely polarized will be constant, and independent of 
the phase, only when the vibrations normal to the wave are 
evanescent. 

This conclusion is easily cxteiidcil to the case of common, 
or unpolariated lighi. in unpolarizcd lighi, therefore, as in 
polarized, ihe vibrations are only on the surface of the wave ; 



LECTURE Itl. 



29 



and wc must conceive such light to coiiftist of a rapid succes- 
sion of systems of waves, in which the vibrations talte place 
in every possible direcliou tangent to the sur&cc of the wave. 
The phenomenon of polarization consists simply in the reso- 
lution of these vibrations into two sets, in two rectangular di- 
rections, and the subsequent separation of the two systems of 
waves thus produced. When the resolved vibrations are not 
separated, but one of them is dinunished in any ratio, tlie light 
is said to be partially polarized. 

We may now proceed to consider the application of the 
principle of transversal vibrations to the problem of reflexion 
and refraction. 

The direction of the light reflected and refracted at the 
surface of a uniform medium, is a simple consequence of the 
theory of waves ; and. on a former occasion, I drew your aU 
lention to Ilnygens's demonstration of the laws of ordinarj' 
reflexion and refraction, — a demonstration which holds good 
whatever he the magnitude and direction of the propagated 
vibration, or, in other words, whatever be the intenuily and 
plane qf polarization of the liglit. I'he problem which we 
have now to consider is that which proposes to determine the 
latter quantities, or to deduce the intensities and planes of po- 
larization of the reflected and refracted pencils, those of the 
incident pencil being given. 

The solution of this important problem was obtained by 
t'resnci, although (we have now reason to think) from incom- 
plete and even erroneous principles. In the attempt to gene- 
ralize the problem, and to apply it to reflexion and refraction 
at the surfaces of crystallized as well as ordinary media. Pro- 
fessor Mac Cullagh, and Mr. Neumann of Kiinigsberg, were 
led to modify and correct the principles of Fresnel. The first 
of these corrected principles is that denominnied by Professor 
Mae Cullagli tlie eifuivalencr of vibratiaxs. It is simply 
this — the resultant of tht vibrations is the same in the two 
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media ; and in tlie case we are at present consideiing, where 
there is but one refracted pencil, the refracted vibration is the 
resultant of the incident and reflected vibrations. The second 
principle required in the solution of the problem, is the well- 
known law of the ti(« otva, from which it is inferred, in th*. 
present instance, that the masses of ether put in motion, mul" 
tiplied by the squares of the amplitudes of vibration, are the 
same before and after reflexion. Before we can apply these 
principles, however, we must know the relative densities of 
the ether in the two media, and the direction of the vibrndons 
in a polarized ray, relatively to the plane of polarization. 
Here it is assumed, by the authors above mentioned, that the 
density of the ether is the same in all bodies as in vacuo ; and 
that, in polarized light, the vibrations are parallel to the plane 
of polarization. From these hypotheses, combined with the 
principles already mentioned, the solution is derived with 
great facility. 

When the light is polarized in the plane of incidence, the 
principle of equivalent vibrations is, alone, sufficient to deter- 
mine the magnitudes of the reflected and refracted vibrations. 
For, the directions of the vibrations being here in the plane of 
incidence, and perpendicular to the rays, these directions are 
necessarily inclined to one another at the same angles as the 
rays themselves. These angles therefore are 

29, 6 -ff, e + H', 
B and B' denoting the angles of incidence and refraction. 
Hence, iff and t-* denote the amplitudes of the reflected and 
refracted vibrations, that of the incident vibration being taken 
as unity, we have 

^ _ sin ($ - y) , _ sin -28 

" ~ sin (fl+ &y " - sin (fl + &■)■ 

When the light is polarized perpendicularly to the plane I 
qf incidence, the vibrations in the incident, reflected, and re- I 
fractcd pencils, are ail parallel. The law of equivalent vi- I 
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brations therefore gives, in this case, die following simple 
relation among them, 

and another relation is required, in order to deduce the 
values of r and i^'. Thw second relation la fuinbhed by the 
principle of the vis viva, and is 

m and m' denoting the masses of the ether in motion in the 
two media. Eliminating between these equations, we find 

_ m — m' , _ 2ro 

~ m+ m'' ~ m+ m'' 
expressions which are remarkable as being identical with those 
for the velocities of two elastic balls after impact. 

Let BA, AC, (fig.'.4), represent the velocities and directions 
of the incident and refracted rays ; aa' the separating surface 
of the two media; and iib', cc', lines parallel to that surface. 
Then the masses of ether in motion in the two media arc to 
one another as the parallelograms a'b, a'c ; that is, 



m: m't: ab sin a ab : 
: sin cos : sin &* cos ^ : 



AC sin A AC 

: un 20 : sin 20'. 



Substituting this ratio, therefore, iu the expressions forti and tr', 
_ tan (0 — 0') _ sin 20 

*"" tan {0 + 00 8in(fl4-0')co8(e— 0^' 

The itUensity of the light is measured by the n* viva, or 
by the moss of the ether put in motion, multiplied by the 
square of the amplitude of the nbratiou. Hence the intcn- 
sidea of the incident, reSected, and refracted rays, will l>e m, 
(Mr*, and m'v'^, respectively ;^-or, if we take the intensity of 
the incident light aa unity, 

I, r*, and 1 — c'; 
since, by the law of the cia viva, m (1 — u") = bi'ij*. 

Confining our attention for the present to the reflected vi> 
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bration, it will be seen that its amplitude, and consequently I 
the intensity of the light, increases with the incidence, whethef I 
the light be polarized in the plane of incidence, or in the per- J 
pendicular plane, — being least when the light is incident per-fl 
pendicularly, and greatest when it is most oblique. In the I 
former case, i, e, when & = 0, each of the values of b I 

becomes — - , /t being the refractive indei ; so that the in- | 

tensity of the light reflected perpendicularly is 



This remarkable expression was first given by Young. Oo'l 
the other hand, when = 90°, or the ray grazes the surface, 
the intensity of the reflected light is equal to that of the ii 
cident ; or the whole of the light is reflected, whatever be the \ 
reflecting medium. 

We have seen that a ray of common light may be con- I 
crived to consist of two polarized rays of equal intensity, 
whose planes of polarization are at right angles. Now let a 
ray, whose intensity = 1, be incident upon the surface of a 
transparent medium, and let it be resolved into two, each 
equal to ^, polarized respectively in the plane of incidence, 
and in the perpendicular plane. Each of these polarized raya ■ 
will give rise to a reflected and refracted ray : so that the I 
actual reflected and refracted rays will each consist of two [ 
portions, one polarized in the plane of incidence, and the | 
Other in the perpendicular plane. If these portions were of | 
equal intensity, as they are in the incident light, the reflected | 
and refracted rays would be unpolarized ; but this, in general, 
is not the case. 

In the case of the reflected beam : — the intensity of the I 
portion polarized in the plane of incidence is 
, sin'(g — y) 
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aiul that of thu liglit polariwdin the perpendicular pliin 
taii^(fl — 0') 



tan" {$ + $')' 



and the whole intensity of the reflected light is their sum. 
Now the first thing to be observed is, that these two quan- 
tities are unequal ; or, that the two portions of which the 
reflected light consists, and which are polarized in opposite 
planes, are different in intensity. Hence the reflected light 
will not be of the nature of common, or unpolarized light ; 
but will always have an excess of light polarized in the plane 
of incidence, the former expression being always greater than 
the letter. This is otherwise expressed by saying, that the 
light is partially polarized in the plane of incidence. This, 
we know, is conformable to experience. 

Again, the intensities of the two refracted portions are 

' V .in' (I) + e-y 

polarized in the plane of incidence, and 

/ tanvfl-yn 

H' tan'{e + &")/' 
polarized in the perpendicular plane. As ilie latter of these 
quantities is greater than tJie former, the refracted beam 
always contains an excess of light polarized perpendicularly 
to the plane of incidence. The quiintily of polarized light is 
measured by the difference of the two portions, 
f MjC (e — 6') tan' (g — e^) \ 
nsin'((( + ») tan'(tf + O'y' 
and is therefore ei/ual to the quantity of opjiositelif polarized 
liifht in the reffrcled heam. Thus the experimental liiw of 
Arago is a necessary consequence of theory. 

The reflected light will be completely polarized, when one 
of the [lortions of which it consists vanishes ; for, in this case. 
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the whole of the rofleclefi light will he poliuized in a singlflJ 
plane. Now, it is easy to see ihsit the first portion, whicl) IH 
polarized in the plane of incidence, can never vanish. Thea 
second part vanishes, when 8 + O" = 90" ; for then the deno- 
minator of the fraction heeomes infinite. The reflected lighn 
then contains only the other portion, and is therefore com 
pletely polarizeri in the plane of incidence. Since, in tliia 
case, + 0' = 90"*, we have 

„ sin fl 

cos Q zz sin 9 ~ , and tan = u; 

ft 

i. e. the tangent of tfie angle of polarization is equal to iht 
refractive index. Thus the beautiful law, which Brewsteq 
had inferred from observation, is deduced as an easy con- 
sequence of Fresnel's theory. 

When fl + 6' is greater than 90°, — i. e. when the angle 
of incidence exceeds the polarizing angle, — the expression for 
the amplitude of the reflected vibration changes sign, the light 
being polarized (as before) perpendicularly to the plane of in— i 
cidence. This change of sign is equivalent to an alteratiot 
of the pltase of the reflected vibration by 180°, as the md-i 
dence passes the polarizing angle ; and the circumstance ex.*! 
plains the remarkable fact noticed by Arago, — namely, thati 
when Newton's rings are formed between a lens of glass and ■ 
metallic reflector, the incident light being polarizeil perpen-J 
dicularly to the plane of reflexion, the rings change thmra 
character as the uicldence passes the polarizing angle of thefl 
glass, the black centre being transformed into a white one^ | 
and the whole system of colours becoming complementary to ' 
what it was before. Mr. Airy was led to anticipate this re- 
sult, from a consideration of the formula ; and to show that a 
simitar change must take place in the rings formed between 
two transparent substances of different refractive powers, aa 
the incidence passes the polarizing angle of either sub- 
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When a polarized beam is receiveii on a reflecting surface 
ul different angles, the reflected beam is still polarized, but its 
{ilujte of polarization is changed. This movement of the 
plane of polarization always takes place towards the plane of 
reflexion, and its amount depends on the an^lc of incidenee. 
When this angle is nothing, or the ray perpendicular to 
the reflecting surface, the plane of polarization undergoes 
no change whatever. As the angle of incidence increases, 
the movement of the plane of polarization increases ; until 
the incidence reaches the polarizing angle, in which ease the 
change produced is greatest, and the plane of polarization is 
brought to coincidence with the plane of reflexion. As the 
angle of incidence still further increases, the change of the 
plane of polarization diminishes ; until finally it becomes 
nothing when the angle of incidence is 90°. 

All these phenomena, and their laws, flow readily from 
the theory we have been considering. To see this, let the 
vibration of the incident ray be resolved Into two, one in the 
plane of incidence, and the other in the perpendicular plane. 
if a denote the amplitude of the inddent vibration, and a the 
angle which it makes with the plane of inddence, these re- 
solved portions are 



After reflexion they become, respectively, 

siii(g— ff ) . t an(e— fl) 

" *^''*'' sin (0 + ff^"' " *'" " tan (9 + 0') ' 

and they compound a single vibration, inclined to the plane of 
incidence at an angle, whose tangent is the ratio of the com- 
ponent vibration*. If. then, this angle be dcnolc<l by a', we 



cos (0 + 9) 
"""'' = '=""' eos(tf-0')- 
ruth of this formula bus been verified by riic obscr- 
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vations of Fresnel liitnself, and more fully since by those < 
Arago and Brewster. 

It will be seen at once, from the formula, that a' = 
when 9 = 0, and when B = 90° ; and the plane of pola 
zation is unchanged by reflexion when the incidence is per 
pendicular, and when it is most oblique. Again, a' = in t 
oases, — namely, when = 0, and when 9 + &' = 00°. Accoril- " 
ingly, when the incident ray is polarized in the plane of in- 
cidence, the plane of polarization remains unchanged by re- 
flexion whatever be the incidence; and again, whatever I 
the plane of polarization of the incident ray, it is brought t 
coincide with the plane of incidence by reflexion at the f 
larizing angle. 

The change of the plane of polarization by reflexion, t 
leil Sir David Brewster into some ingenious speculations i 
to the nature of partially polarized light. If common li^ht 
be conceived to consist of two pencils oppositely polarized, in 
planes inclined 4a°on either side of the plane of reflexion, tl 
vlfect of reflexion, it is obvious, will be to bring each of thea 
planes nearer to the plane of reflexion ; so that the plai 
polarization of the two pencils will approach each other, and^ 
form an acute angle after reflexion. Partially polarized lighl 
then, according to Sir David Brewster, consists of two 
larized pencils, whose planes of polarization form an acid 
angle ; and no portion of it is in the condition of ordinal 
light. 

This theory, though open to some serious objections, ex<J 
plains the effects of successive reflexions with much eleganceJ 
When light thus constituted is received upon a second reflecul 
ing surface, in the same plane of incidence, the two pencils o 
which it is composed will have their planes of polarization 
brought nearer; :ind so continually, until, by a sufficient 
nuniber of reflexions, those planes will, as to sense, coincide 
with the jilane of reflexion, and the resulting light will appear J 
to be wholly polarized in that plane. When the angle i 
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iricidciice is the same at each reflexion, — as when a ray un- 
ilergoes any number gf reflexions between two parallel plates, 
— the angle which the planes of polarization form with the 
plane of reflexion, after W reflexions, is given by the for- 
mula 

cos" (9 + 9') 

^""—cosno-r)' 

from whieh it follows, that the angle decreases indefinitely as 
the number of reflexions increases, the tangents of the angles 
diminishing in geometric progression. The progression is 
more rapid, the more the angle of incidence approaches the 
polarizing angle, at which 9 + 6' = 90°. 

The plane of polarization of a polarized ray b changed by 
refaction, as well as reflexion, but in an opposite direction, 
the plane of polarization being removed fiirther from the plane 
of incidence, instead of approaching it, This movement of 
tlio (ilane of polarization increases with the incidence; being 
nothing when the ray falls perpendicularly upon the refract- 
ing surface, and greatest when the incidence is most oblique. 
The law of the change is expressed by the following simple 
formula, 

eotan o' = coian a cos {fi — &); 

in which a and a' denote the angles which the plane of po- 
larization forms with the plane of incidence, before and after 
refraction. This law was discovered experimentally by Sir 
David Brewster ; it is a necessary consequence of the theory 
already given, and is deduced by a process exactly similar 
to that by which we inferred the corresponding change in the 
plane of polarization of the reflected ray. 

Now if we conceive, as before, a beam of common light as 
composed of two polarized beams, whose planes of polari- 
zation are perpendicular, — one hetiig 4^° to the right, and 
the other Ab° to the left of the plane of incidence, — the 
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effect of refraction will be to inireaae tlie angles whicl) these J 
planes form with the plane of incidence, and therefore also | 
the angle which they form with one another. That angle, 
therefore, will now be ofttuse instead of acute, and the planes I 
of polarization will approach to coincidence, but in an op- 
posite direction to that in the case of reflexion. By re- 
fraction at a second, and a third surface, this angle is still 
further increased ; until, finally, it becomes very nearly 
180°. The planes then are nearly coincident, and the ray ia 
polarized in a plane perpendicular to the plane of incidence. 
Such is the account of the effect of successive refractions, ac- | 
cording to the views of Sir David Brewster, 



When the angle of incidence exceeds the angle of totat I 
reflexion, — the light passing from the denser into the rarer 1 
medium, — the expressions for the intensity of the reflected I 
light, above given, become imaginary. But it is obvious that, j 
in this case, the intensity of the reflected light is simply equal I 
to that of the incident, there being no refracted pencil. How, 
then, are the imaginary expressions to be interpreted? They 1 
signify, according to Fresnel, that (he periods of vibration of I 
the incident and reflected waves, which had been assumed to f 
coincide at the reflecting surface, no longer coiticide there, 
when the reflexion Is total ; or, in other words, that the ray i 
undergoes a c/tange of phase at the moment of reflexion. The 1 
amount of this change has been deduced by Fresnel, by a | 
must ingenious trdn of reasoning, based upon the interpre- I 
tation of imaginary formulfc. It varies with the incidence, J 
and is different for light polarized in the plane of incidence, { 
and in the perpendicular plane. For light polarized in any \ 
azimuth, we have only to conceive the incident vibration 
resolved into two, one in the plane of incidence, and the 
other in the perpendicular ptane. The phases of these vi- 
brations being differently altered by reflexion, the refli 
vibration will be the resultant of two vibrations at rigb^ 
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angles to one another, and differing in jihase ; the amount of 
the difference depending upon the angle of ineidence. This 
vibration, consequently, will be elliptic, and the reflected 
light elliptically fiolariztd. When the azimuth of the plane 
of polarization of the incident, rsy is 45°, the amplitudes of the 
resolved vibrations will be equal ; and if, moreover, their dif- 
ference of phase is a quarter of an undulation, the ellipse 
will become a circle, and the light will be circularly pola- 
rized.' 

Reducing his formulie to numbers, in the case of St. 
(iobain's glass, Frcsnel found that the difference of phase of 
the two portions of the reflected light amounted to one- 
eigkth of an undulation, when the angle of incidence was 
54" 37'. Polishing, therefore, a parallelepiped of tliis glass, 
whose feces of incidence and emergence were inclined to the 
other faces at these angles (fig. 5), it followed that a ray 
rh' b" b"', incident perpendicularly on one of these sides, and 

* In bet, if t ind jf deDoCe tha diMances of the molnculfi of ether rrom iti 
iwution of mt, in the two rectangular direotioni; auid b tha unplitwlca of tho 
two tibntiont ; umI t the time i we haTe 

» = a«ie(W — o). , = 6c™{«_^). 
Whence 

will tkking tlie coaiiiM ut bath liUo*. and clearing tho remit of radlcati. we finJ 
'-:+ ^ - 2 CO. (<. _^) ^ = In • C- _^). 



•Ibrklloni en e<|iiat, i 



ilfer a quarter of an iradnlatjaa in phaae, 
a=.b, taia — 0:=W, 



and the pMli dawrlbtd b; th« nvlwnU It ■ crirefe. 
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once reflected at each of the others, at n' and n", would J 
emerge perpendicularly at the remaining aide, the difference I 
of phase in the two portions of the twice-reflected ray amount- I 
ing to a quarter of an undulation. If, then, the incident ray J 
be polarized in a plane inclined at an angle of 45° to the plane I 
of reflexion, the emergent light will be circular/jf polarized, I 
This was found to be the case on trial, and the theory thereby 1 
verified. The parallel opiped of which we have spoken is well ] 
known under the name of FresnePs rhomb ; and is of essen- 
dal service in all experiments relating to circular and elliptic I 
polarization. 

If the emergent ray be now made to undergo two more 
total reflexions, in the same plane and at the same angle, by 
transmitting it through a second rhomb, placed parallel to the 
first, it will emerge ptane-polarizcd ; and its plaue of polar- 
ization will be inclined 45° on the other side of the plane of I 
reflexion. In fact, the two additional reflexions increase the 
difference of phase of the two portions, into which the light 
was originally resolved, from 90° to 180° ; and we know that 
two equal vibrations, whose phases differ by 180°, compound 
a single right-lined vibration, whose direction bisects the sup- I 
plement of the angle formed by their directions. 

This property enables us to distinguish at once a drcularly- 
polarized ray from a ray of common light : *'( becomes plaiie- 
polarized by two total reflexions, at an anyle of5A\°. On 
the other hand, it is at once distinguished from plane-polar- 
ized light, by the circumstance that it b divided into tworayi 
of equal intensity by a double-refracting crystal, whatever be 
the position of the plane of the principal section. 

We might naturally conjecture that the effects produced 
by metals upon the reflected light would be analogous to tJie 
phenomena of total reflexion by glass and other transparent 
substances, — there being no refracted ray in either case. It is 
accordingly found that when a plane -polarized ray is incident 
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upon a metallic reflector, the reflected light is eUiptically po- 
larized ; the laws of the phenomenon are, however, different 
from those of total reflexion. These laws have been ex- 
perimentally investigated, in much detail, by Sir David 
Brewster : they are as yet without the pale of the physical 
theory. 
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Gentlemen, — In our last lecture we entered on Fresnel'a 1 
beautiful theory of transversal vibrationn, and gave its appli- 
cation to some of the phenomena of polarization. In the 
present lecture, I propose to show that the same theory fur- 
nishes also a complete account of the phenomena of double 
r^raction, and of the hitherto mysterious effects impressed 
upon light in its passage through crystals. In attempting a 
sketch of this part of the theory, I shall confine myself to the 
principles on which it is founded, and the conclusions to 
which it leads : the mathematical processes, which conduct 
us from the one to the other, are of a nature unsuited to the 
lecture-room ; and they present difficulties which (it is to be 
regretted) still rear a formidable barrier before the approach 
to this beautifiil department of physics. 

I staled in a former lecture, that, shortly after the dis- 
covery of the phenomena of double refraction in Iceland crys- 
tal by BarthoHnus, Huygens succeeded in embracing them in 
the theory of waves, by u bold and felicitous assumption. He 
had already shown that the form of the wave which gave rise 
to the ordinary refracted ray, in glass and other un crystallized 
substances, was the spherr ; or. in other words, that the ve- 
locity of undulntory propagation was the same in all direc- 
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tions. One of the rays in Iceland vryatul, loo, was fotind tu 
obey the same law ; and judging that the luw wliich governed 
the other, though not so simple, was yet next in aimylicity, 
he assumed the form of its wave lo be the upherotd ; that is, 
he supposed the velocity of propagation ti> be diifereut in 
different directions, being in all eases given by the follow- 
ing construction : " Let an ellipsoid of revolution he de- 
scribed round the optic axis, having its centre at ibc point of 
incidence, and let the greater axis of the generating eUipse be 
to the less in the ratio of the greatest to the least index of 
refraction, then the velocity of any ray will be represented 
by the radius-vector of the ellipsoid which coincides with it in 
direction." We have already seen that the construction for the 
direction of the rays derived from this assumption was verified 
hy experience ; and we have here another interesting instance, 
to which the history of science affords more than one parallel, 
of the value of analogical principles in directing scientific 
research, 

The law of Huygens was found to hold in many other 
crystals beside that to which it was originally applieil ; and 
in all of these there was found to be one optic axis, or one line 
along which a ray of tight ]HLsses without division. But 
when the indefatigable researches of Brewster made known a 
class of crystalline bodies, having two optic axf», or two lines 
of no separation, Huygens 's law was found not to be general : 
and it was ascertained that one of the rays, at least, in biaxal 
crystals, followed some new and unknown law. 

In this state of the ()uehlion, the problem of double- 
refraction was taJien up by Fresnel; and by the aid of a 
natund and simple hypothesis, combined with the principle 
of transversal vibrations, he has been conducted to its com- 
plete solution : — a solution which not only embraces all the 
known phenomena, hut has even outstripped observation, and 
predicted consequences which were afterwards verified by 
experiment. 
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Fresnel starts from tlie supposition, that the clastic for«- 
of the vibrating medium, within every crystal, is in general' 
different in different directions. This is, in fact, the moat 
general supposition that can be made ; and whether we sup- 
pose that the vibrating medium is the ether within the crys- 
tal, or that the molecules of the body itself partake of the 
vibratory movement, there will be obviously such a connexion 
and mutual dependence of the parts of the solid and those of 
the medium in question, that we cannot hesitate to admit for 
the one, what has been already established on the clearest 
evidence for the other. 

It is easy to see, generally, that the phenomenon of 
double refraction is a necessary consequence of this hypothe- 
sis, and of the principle of transversal vibrations, 

Let us take, for example, the simple case of a beam of 
light proceeding from au infinitely distant point, and falling 
perpendicularly on the surface of a uniaxal crystal, cut pa- 
rallel to the axis. The incident wave being plane, and paral- 
lel to the surface of the crystal, the vibrations are also parallel 
to the same sur&ce ; and we may conceive them to be com- 
posed of vibrations parallel and perpendicular to the axia of 
the crystal. Now, the elasticity brought into play by these 
two sets of vibrations being different, they will be propagated 
with different velocities ; and there will be two waves within 
the crystal oppositely polarized. If the second ^e of the 
crystal l>e parallel to the first, the two rays will emei^e per- 
pendicularly ; and the only effect produced will be, that one 
will be retarded more than the other, in its progress through 
the crystal. But if the second face be oblique to the direc- 
tion of the rays, they will be both refracted at emergence, 
and differently ; and they will therefore diverge from one 
another. 

'I'o return to the general theory : Let us suppose a dis- 
turbance to be produced in a medium such as we have beeni 
considering, and any parlicle of the medium displaced from il 
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position of rest. The resultant of all the I'lustic forces which 
n-sist the displacement, will not, in general, act in the direc- 
tion of the displacement, (as would be the case in u medium 
unijbrmly elastic), and therefore will not drive the displaced 
particle directly back to its position of equilibrium. Fresnel 
has shown, however, that there are three directions, at right 
angles to each other, in every medium of thb nature, in any 
of which, if the particles are displaced, the elastic forces do 
act in the direction of the diaplacevienl, whatever be the 
nature or laws of the molecular action ; and the only sup- 
position which he makes is, that these three directions are 
parallel throughout the crystal. In fact, the first principles 
of crystallization comi)e! us to admit, that the arrangement of 
the molecules of the crystalline body b similar in all parallel 
lines throughout the crystal ; and the same property must 
belong to the ether within it, if (aa we have every reason to 
presume) iu elasticity be dependent on that of the crystal 
itself. These three directions Fresnel denominates axes of 
elasticilj/ ; and he thinks that they must also be axes of sym- 
metry, with respect to the crystalline form. 

If, on each of these axes, and on every line diverging 
from the same origin, portions be taken, which are as the 
square roots of the elastic forces in their directions, the locus 
of the extremities of these portions will be a surface, which 
Fresnel denominates the surface of eiaaticity. Its equation is 

H = a* cos* 0-1-6* cos' |3 + c' cos' y ; 

a'. A', f*, being the elasticities in the directions of the three 
axes, r the radius-vector of the surface, and a, /3, 7, the 
angles which it makes with the axes. 

This surface determines the velocity of propaijation ufOtt 
wave, when the direction of iu vibrations is given. For, 9U|i- 
pose the particle to vibrate in the direction of any radius-vec- 
tor, r, of this surface ; — the elastic force which govcnis its 
vibration will be projwrtional to r' ; and, since the velot-iiy 
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of wave-propagation iii any elastic raediuin is as the 
root of the elastic force, it must in this case be represented by 
the radius- vector of the surface of elasticity in the direction of 
the vibrations. Hence, if we conceive the vibration in tha. 
incident wave to be resolved into two within the crystal, 
formed in two determinate directions, these will be pro| 
gated with different velocities ; and, as a difference of velocity 
gives rise to a difference of reiraction, it follows that the in- 
cident ray will be divided into two within the crystal, which 
will in general pursue different paths. Thus, the bifurcation o£ 
a ray, on entering a crystal, presents no difficulty, provided 
we can explain in what nuuiner the vibration comes to be 
resolved. | 

To see in what manner this takes place, let us conceive »■ 
plane wave advancing within the crystal. By the principle 
of transversal vibrations, the movemenls of the ethereal mole- 
cules are all parallel to the wave; but the motion of each 
molecule, when thus removed from its position of equilibrium, 
is resisted by the elastic force of the medium ; and that force 
is, in general, oblique to the direction of the displacement. 
If the plane containing the direction of the force and that of 
the displacement, were normal to the plane of the wave, the 
force would be resolvable into two, — one perpendicular to 
the plane of the wave, which, by the principle of transversal 
vibrations, can produce no effect ; and the other in the direc- 
tion of the displacement itself, which will thus be communi- 
cated from particle to particle without change. But this, in 
general, is not the case. Fresnel has shown, however, that ia 
all cases, the displacement may be resolved in two directions 
in the plane of the wave, at right angles to one another, such 
that the elastic force called into action by each component, 
will be in the plane passing through the component, and nor- 
mal to the wave ; and thus each component will give rise to 
a wave in which the direction of the vibrations is preserved^ 
and which therefore will be propagated with a constant velo- 
city, 
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The two directions above alliideri to are those of the great- 
est and least diameters of' ike section of the surface of elas- 
ticity made by the plane of the wave ; so that if the original 
displacement be resolved Into two, parallel to these directions, 
each component will give rise to a plane wave, in which the 
vibrationB will preserve constantly die same direction. The 
velocity of propagation being represented by the radius-vec- 
tor of the surface of elasticity in the direction of the displace- 
ment, the velocities of the two parts of the wave will be pro- 
portional to the greatest and least diameters of the section of 
the surface of elasticity, to wluch the vibrations are parallel. 
Thus it appears that an incident plane wave, in which the 
vibrations are in any given direction, will be resolved into two 
within the crystal ; and these will be propagated with different 
velocities, and conseijuently assume different directions. 

The vibrations in these waves being parallel to two fixed 
lines, — namely the greatest and least diameters of the section of 
the surface of elasticity, — it follows tlial the two rays are pola- 
rized, and that their planes of polarization are at right angles, 
being the planes passing through the direction of the ray and 
these two lines. From this it follows, that the plane of polari- 
zation of one of the rays bisects the dihedral angle made l>y 
the two planc«, which pass through the normal to the vavr, 
and the normals to the two circular sections of tlie surface of 
elasticity ; and that the plane of polari/atioii of the other is 
perpendicular. 'Hiis coincides, very nearly, with the rule 
previously ^ven by M. Biot, namely, that the pltme of polar- 
ization tfone of the pmcits bisects the dihedral angle formed 
by planes drawn through the rag and the two optic axex : 
vhiti' that of the other is perpendicular, or hiaects the sup- 
plemental dihedral angle. 

Thus wo see that the two fundamental facts of crystalline 
refniction, — namely, the bifurcation of the ray, and the op- 
posite polarization of the two pencils, — are completely ac- 
counted for. 
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Further, the amplitudes of the resolved vibrations are re- J 
presented by the cosines of the angles which the direcUon < 
the originEil vibmtiou contains with the two fixed rectangulaor I 
directions ; and, as the squares of these amplitudes measure 
the intensities of the two pencils, the law of Malus respecting 
these intensities is a necessary consequence. 

The velocity of propagation of a plane wave in any direc- 
tion being known, the^rm of the wave, diverging from any 
point within the crystal, may he found. For, if we conceive 
an indefinite number of plane waves, which, at the commence- j 
ment of the time, all pass through the point which is c 
sidered as the origin of the disturbance, the wave-surface wili I 
be that touched by all these planes at any instant. Fresnel ] 
has given die following beautiful construction for its deter- 
mination : — " Let an ellipsoid be conceived, whose semiaxes 
are a,b,c( the same as those of the surface of elasticity), and 
let it be cut by any diametral plane. At the centre of this 
section let a perpendicular be raised ; and on this line lei I 
two portions be taken, whose lengths (measured Irom the j 
centre) are equal to the greatest and least radii of the a 
tion. The extremities of these perpendiculars will be the | 
loci of the double wave." 

The form of the wave-surface being known, the directions ' 
of the two refracted rays are determined by tangent planea 
drawn to the two sheets of the surface, according to the con- 
strnction of Huygens. Conceive three surfaces, having their 
common centre at the point of incidence, and representing, 
respectively, the simultaneous positions of three waves diverg- 
ing from that point, — the first in air, which is a sphere,' the 
other two within the crystal, which are the two sheets of the 
surface we have been considering. Let the incident ray be 
produced to meet the sphere, and at the point of intersection 
let a tangent plane be drawn. Through the line of intersec- I 
tion of this plane with the refracting surface, let two planes | 
be drawn touching the two sheets of the refracted wave; the I 
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linos connecting the centre with the points of contact are tlie 
directions of che two refracieil ray3{o). 

It may be shown that the direction of the Tibratory move- 
ment, at any point of the surface of the wave, coincides with 
the projection of the radius-vector upon the plane which 
touches the surface at that point. Hence, if peq)endiculara 
he let fall from the centre, on the tangent planes to the two 
sheets of the wave-surface, the lines connecting their feet with 
the points of contact are the directions of the vibrations in the 
two rays ; and therefore determine their planes of polarization. 
The perpendiculars themselves measure the velocities of pro- 
pagation of the waves, while the radii-vectores represent those 
of the raifs. 

The equation of the wave-sufece is of the fourth order ; 
it has been thrown into the following elegant form by Sir 
William Hamilton, 



«'+?*+ 2' ■ 



*+? + 2»— ** 
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1 = 0. 



f «) If, in pbc« of the ellipioicl mBntioned abore, w« take lh»l ivhc»e smuImpi 
uv ~' T* "' ""* three principd retractiTa inilireR o( (he meiliriin, rh« mir- 
f»re Jeri»eJ from it bj tlia mine iwiHlniction iriU reprcKrt the nofHuil iluirnrii 
oflhtmavtt, and it i-oouected with the vatx-Ktifact bj m rooiu'lubJa rclatioa of 
rwiiinwitjr. Thn proportioi of thi» lurfacp lead to the foiluwiim elvgul con- 
HnwlloD fur the ilirectioni of the refruted riji, ■ conMruvlJon whicb i«, in 
nuui; t—tt. more coiiTenlml thwi (hut gi'on alwir :—" With tb« point of inrt- 
il*nco, u ■ eommnn oenlm, miutruRl tb« nirfoivi of vat-ilomiru belunging 
to ilr ■»■) to the RTjruliil, re«i>ce(l*el]'. Let the ioddent njr be proilueed tn 
msel the iphcra, vhioh rBprneDl* Ibr normal ilownea of the wave In air ; and 
from the point of inlemMHIon \al ■ pcrpcndirular he drawn to thn refru'tlan 
■urhce. Tbb wiQ cut the HiHace of ilowneu of the refracted watei, In g«- 
D«i«l, In two paiata. Tbe lin« connwtitig tlieK poinu with thr rvntre will 
TVpreMut the itirection and normal ilownna of the m«t.- tthile thr prtpen- 
dloulan from thn ovntr* on tha tang«Dt plain* at the uma pointa wUI reprcHnI 
the dirwtiira and dowima at tha mjn. " Thii conMrortion wh giTen bj Sir 
William HaaiUtoD and FroffMor Mac CoUagh. 
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From the construction of the wave-surface, above ^ven, 
it follows that there are two directions, — namely, the normab 
to the two circular sections of the ellipsoid, — in which the two 
sheets of the wave-surface have a eommon radius-vector, and 
therefore the two rays a common velocity. If »u and w' denote 
the angles which the radius-vector at any point of the wave 
makes with these lines, v and v' the radii- vectores terminating 
in the two sheets of the wave-surface, the equation abon 
given may be reduced to the following remarkable pol 
forms : 



tH' = o-'sin''J(w+w') + r^a 
r*"" = (T* wn* i (w — w') -f r-* c 



3'i('--"'0- 

Since the radiuft-vector of the wave-surface measures 
velocity of the ray in its direction, the velocities of the 
rays are given by the preceding formulae. If we subtract the 
latter from the former, we find (after a simple trigonometrical 
reduction), 

tn' — w'-' — (a~' — c""*) sin u> sin w'. 

Hence the difference of the squares of the reciprocal velocitii 
of the two rays is proportional to the product of the sines 
the angles made by their common direction with the lim 
in which the two rays have a common velocity. In all knoi 
crystals, these lines deviate very little from the oplic axes, 
the lines in which the two parts of the ti-ave have a common 
velocity ; and thus the rcmarkuble law, to the discovery of 
which M. Biot was led by analogy, and which has been also 
shown to flow from the constructions for the velodty given byj 
Sir David Brewster, is a necessary consequence of FreaneTl 
theory. 

The two Bets of lines above alluded to — the lines of single 
ray-velocity, and single wave-velocity — are situated in the 
plane of the axes of greatest and least elasticity, the lines 
each pair making equal angles with the axis of greatest eli 
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licity on either side. TLe tangents of these angles are, re- 
spectively. 



ay^y- 



v^fi"- 



cv'a" — 6*' v'a* — 6'' 

Hence, when 6' = r*, or b' = a*, these angles become 0, or 90" ; 
and the two optic ases uniley — coinciding in the former case 
with the axis of greatest elacUcity, and in the latter with that 
of the least. In either of these eases, then, w = u', and the 
preceding^ equations become 

ir' = cr* sin* m -)- c"* cos' w, »' = e t 
the former of which is the equation of the ellipsoid of re- 
volution, and the latter that of the sphere. Accordingly, 
the wave-surface resolves itself into the sphere and sphe- 
roid of the Huygenian law ; and the form of the wave in iini- 
axai crystals, which was assumed by Huygens, is deduced as 
a simple corollary from the general theory of Fresnel. 

Finally, when the three elasticities are all equal, it will 
appear at once from the preceding equatioos that the spheroid 
becomes a sphere. The velocity is accordingly the saioe in 
all diree^ons, and the law of refraction is reduced to the known 
law of Snellius. 

I have already mentioned that, as soon as a class of 
double-refracting substances was discovered, possessing two 
oplic axes, the construction of Huygens was found not to be 
general. It was still thought, however, that the velocity of 
one of the rays in every crystal was constant ; or, in other 
words, that one of the rays was always refracted according to 
the ordinary law of the sines. According to Fresnel's theory, 
however, it appears that, in biaxal crj'stals, the velocity of 
neither of the rays is constant, and that die refraction of both 
is performed according to a new law. It was, therefore, a 
matter of much interest to decide this <)uestion by accurate 
experiment, inasmuch tts the result of such decision would in- 
volve the fate of the new theory. This exjwriinenul problem 
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was soUed by Fresnel h'ini(>elf, and the result, as will appear,J 
was decisive in favour of his theory. 

It was shown on a former occasion, that when light, c 
verging from a luminous origin, passes through two near 
apertures in a screen, the two beams into which it is thus 
divided will interfere, and produce fringes, — the central fringe 
being at those points where the rays have traversed equal 
paths. Now if two plates of glass, cut from the same plat^, 
and of exactly the same thickness, be placed perpendicularly, 
one in the path of each ray, the two rays will be equally re-J 
larded, and the central fringe will remain undisplaced. But I 
if, instead of glass plates, we employ plates cut tn different^ 
dirtctiona from the same biaxal crystal, — the plates being (^1 
exactly the same thickness, — the fringes produced by the intei^fl 
ferenceofthe two ordinary (a) rays will remain still undisplaced,,] 
if the velocity of these rays is the same in the two crystals ;: 
while, on the other hand, if the velocities be difTerent, tham 
fringes will be shifted from their original position. On trial, I 
the result was found to be as Fresnel had antJeipated: the^ 
fringes were displaced ; and the amount of that displacement ' 
agreed with the calculated difference of velocity, which had 
been previously deduced from the theory, combined with th« 
observations of M. Biot. 

A second method of trial employed by Fresnel, consisted : 
in cutting two prisms in dilTereut directions from the same cry^ 
tal of topaz, cementing them together, and grinding them thus 
to the same angle. Thecompounil prism thus formed was achro- 
matized by a prism of glass. On looking through the combina- 
tion at a Une of light, it was found that the ordinary image of i 
the line was broken at the junction of the two prisms, — thus 
showing that the ray was unequally refracted in different j 
directions. 

1 will now proceed to consider two remarkable cases of 1 

(s) The rmj vthoM Tclitoltjr vMin IhE IcaM, in biaiol cr^vxloU. i> m 
UtougK ImpropvHj. cdled tor dislindion Uic onlmarf t»}. 



LECTDBE jr. 



53 



Fresnel's theory, which have lately furnished a ver)' striking 
confirmation of its truth. 

If wi? make ^ = 0, in the equation of the wave-surface, so 
as to obtain its intersection with the plane of xz, the resulting 
equation is redudble to the form 

This equation is manifestly resolvable into the two follow- 



\-y' = b 



I'jr'+c'z' =: a*c'; 



so that the surbce intersects the plane of xz in a circle and 
ellipse. (Fig, 6). As these two curves have a common centre, 
and as the radius of the circle, b, ia of intermediate magnitude 
to the semiaxes of the ellipse, it follows that they must inter- 
sect in four points, as is rejiresented in the diagram. 

Now, whL-n two rays pass within the crystal in any com- 
mon direction, as oad, their velocities are represented by the 
radii-vectores of the two parts of the wave, oa and ob, and 
their directions, at emet^ence, arc determined by the positions 
of the tangent planes at the points k aud b. But in the case 
of the ray op, whose direction is that of the line joining the 
centre with one of the four cusps, or intersections just men- 
tioned, the two radii-vectores unite, and the two rays have the 
»ame velocity. 'Iliere are still, however, two tangents to the 
plane section at the point p ; so tliat it might he supposed that 
the rays proceeding with iliis common velocity within the crys- 
tal, would still be divided at emergence into two, and two only, 
whose direcdons are determined by the tangent phines. Thin 
seems to have been Fresnel's view of the case. Sir William 
Ilamillonbasshownjhowever, that there is af««;j at each of the 
four points just mentioned, not only in this particular section, 
but in every section of the wave-surbcr passing tlirough the 
line or; or, more properly, that there is a conoidal cujtp on 
that surface at the four poinbt of tntereeclion of the circle and 
rllilHse, and consequently an infinttrnumher of tangent plants. 
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which form a tangent cone of the second degree. Hence, 
sintjle ray, such as op, proceeding within the crystal in one of 
these directions, should be divided into an inJitiiU number of 
rayt at emergence, whose directions and planes of polari- 
zation are determined by the tangent planes. 

Again, it is evident that the circle and ellipse have four > 
common tangents, such as mn ; and the planes passing through 
these tangents, and perpendicular to the plane of the section, 
are perpendicular to the optic axes of the crystal. Fresnel 
seems to have thought that these planes touched the wave- . 
surface in the two points just mentioned, and in these only ; 
and, consequently, that a single ray, — incident upon a blaxal I 
crystal in such a manner, that one of the refracted rays should | 
coincide with an optic axis, OM, — will be di\-ided into two within I 
the crystal, om and on, determined by the points of contact. 
But Sir William Hamilton has shown that the four planes 
of which we have spoken touch the wave-surface, not in two 
points only, but in an infinite number q/'poinls, constituting j 
each a small circle of contact ; and, consequently, that ft I 
single ray of common light, incident externally in the above- I 
mentioned direction, should be divided into an injinite number 1 
of refracted rays within the crystal. 

Here, then, are two singular and unexpected consequences ' 
of Fresnel's theory, not only unsupported by any facts hitherto 
observed, but even opposed to all the analogies derived from 
experience. Here are two remote conclusions of that theory, 
deduced by the aid of the most refined analysis, and in them- 
selves of a nature so singular, that we feel inclined at first to 
reject any theory of which they are the necessary consequences. 
They accordingly furnish a test of the truth of that theory 
of the most trying nature that can be well imagined ; and it will 1 
be admitted that if such conclusions be verified, the theory , 
itself may be regarded as certain. 

Being naturally anxious to submit the wave-theory to this ' 
test, and to establish or disprove these, its new results. Sir , 
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William Hamilton requested me to examine the subject expe- 
rimenlally. My first trials were unsuccessful, owing to the 
small dimensions of the crystals which I had at my disposal ; 
but having at length obtained from Dollond a specimen of 
arragonite of considerable size and purity, I was fortunate 
enough to prove the existence of both species of conical re- 
fraction. 

The first catte of conical refraction is that called by Sir 
William Hamilton external conical refraction, and was ex- 
pected to take place, as we have seen, when a single ray 
passes within the crystal in the direction of either of the lines 
of single ray-velocity. These lines coincide nearly, but not 
exactly, with the optic axes of the crystal ; and, in the case 
of arnigonite, contain an angle of nearly 20°. The plate of 
arragonite which 1 used, had its faces perpendicular to the 
line bisecting the optic axes ; consequently the lines above- 
mentioned were inclined to the perpendicular at an angle of 
about lO" on either side. Let these lines be represented by 
OM and OH (Fig, 7), equally inclined to the perpendicular op. 
A ray of common light traversing the crystal in the direction 
OM or MO, should emerge in a cone of rays, as represented in 
the figure ; the angle of this cone depending on the reladve 
magnitude of the three elasticities of the crystal, a', £',£*. In 
the c&te of arragonite this angle is considerable, amounting to 
3° very neaHy. 

A thin metallic plate, perforated with a very minute aper- 
ture, was placed on each face of the crystal ; and these were 
adjusted in such a manner, that the line connecting the two 
apertures should coincide with the line mu, or any parallel 
line within the crj'stal. The flame of a lamp was then brought 
near the first surface of the crystal, and in such a position 
that the central part of the beam converging to the aperture 
should have an incidence of 15° or 16°, When the adjustment 
was completed, a brilliant annulus of light appeared, on look- 
ing through the aperture in the second surface (Fig. 8), 
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When the aperture in the second plaie wa» ever so 8li^^lltIy I 
shifted, so that the line connecting the two apertures no-l 
longer coincided with the line mo, the phenomenon rapidly I 
changed, and the annulus resolveil itself into the two separat4l 
pencils, into which a ray is usually divided. 

The incident converging cone was sometimes formed by i 
lens of short focus, placed at the distance of its own focal I 
length from the surface : in this case, the lamp was re- I 
moved to a distance, and the plate on the tirst surface dis- I 
pensed with. The same experiments were repeated with I 
the sun's light ; and I even succeeded in throwing the ei 
gent rays on a screen, ho as to observe the section of the cone J 
at various distances from its summit. 

In the first experiments there was a considerable diacre* ^ 
pancy between the results of observation and theory, both a 
to the magnitude of the cone, and some other circumstances 
of its appearance. These tiiscrepancies were found to arise 
from the sensible magnitude of the little aperture on thv^ 
second surface of the crystal, which suffered rays to pass 1 
which were inclined to the line om at small angles. Accord- 1 
ingly, the magnitude of the observed cone required a correo> I 
tion before it could be compared with the results of theory ; I 
and measurements being taken with this view, and the results I 
suitably corrected, the agreement of the observed and the<H I 
retical angles was found to be complete. 

A remarkable variation of the phenomenon took place 
substituting a narrow linear aperture for the small circular 
one, in the plate next the lamp, in the first-mentioned mode of 
performing the experiment, — the line being so adjusted, (hat 
the plane passing through it and the aperture on the second 
Bur&ce should coincide with the plane of the optic axes. In 
this case, according to the hitherto received views, all thenyg 
transmitted through tlic second aperture should be refracted 
doubly in the plane of tkr optic area ; so that no part of the J 
line nhould appear enlarged in breadth, on looking through] 
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this aperture; wliilc, according lo Sir William Hamilton, the 
ray which proccedn in the direction OM, should l»e refracted in 
every plane. This was accordingly found to be the case ; in 
the netghbourlioodofeach of the optic axes, the luminous line 
swelled out, on either fide of the plane of the axes, in an oral 
curve. This curve, it is easy to show, is the conchoid of 
Nicomedes, whose asymptot is the line on the first surface. 
Its variations of form, as the plane passing through the second 
aperture deviated from the plane of the optic axes, were highly 
curious and remarkable. 

On examining the state of polarization of the rays which 
compose the emergent cone, I was surprised to observe that 
every ray of the cone was polarized in a different plane. On 
attentive examination, I discovered that these planes were 
connected by the following law, — namely, "the angle be~ 
tween ihr planea of polarizalion of any two rags of the 
corn- is half the anyU betweeu the planes containing the rays 
Ihcjmelvea and thf axig," Having assured mywlf of the 
truth of this law by experiment, I was le<l lo inquire how 
far it waa in accordance with theory : and on examining 
Fresnel's theory with this view, I was gratilied to find that it 
led to the same result. In tact, the direction of the vibratory 
movement being that of the line joining the point of contact 
with the foot of the perpendicular, let fall from the centre upon 
the tangent plane, it is manifest that there must be, in this 
case, an infinite numbiT of such directions, and therefore an 
infinite number of planes of polarization, which may be easily 
ishown to be connected by the above law. 

The other case of conical refraction, called internal rouical 
reJraelioR by Sir William Hamilton, was expected to take 
place when a single ray has been incident externally upon a 
biaxal crystal, in such a manner that one of the refracted rays 
may coincide with an optic axis. The incident ray in this case 
ought to be dividetl into a cone of rays within the crystal, the 
angle of which, in (lie case of arragonite, is equal to 1° 55'. 
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The rays composing this cone will be refractwl at the second I 
sur&ce of the crystal, in directions parallel to the ray incident I 
on the first, so as to form a small cylinder of rays in air, whose I 
base is the section of the cone made by the surface of emeiv I 
gence (fig. 9). 

The minuteness of this phenomenon, and tlie perfect ac- I 
curacy required in the incidence, rendered it much more dif- 
ficult of detection than the former. A narrow beam of light, 
proceeding from a distant lamp, was suffered to fall upon th« 
crystal, and the posi^on of the latter was altered with extreme 
slowness, so as to change the incidence very gradually. When 
the required position was attained, the two rays suddenly . 
spread out into a continuous circle, whose diameter was ap- 
parently equal to their former interval. The same experiment 4 
was repeated with the sun's light, and the emergent cylinder 
received on a small screen of silver paper, at various distances 
from the crystal ; no sensible enlargement of the section was 
observable on increasing the distance. The angle of this n 
niitc cone within the crystal was found to agree, within very | 
narrow limits, with that deduced from theor)- ; the theo- ' 
retical angle being 1° 55', and the observed angle 1° 50'. 

The rays composing the cone are all polarized in different 
planes ; and the law connecling these planes is the same as ii 
the case of external conical refraction. 
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tNTBaPERENCE OP POLARIZED LIGHT. 



Gkntlbukn, — Having, in the preceding lectures, examined 
the general phenomena of polarization and double refraction, 
and their explanation upon the principles of the wave-theory, 
it remains that we should consider the effects produced when 
polarized light is transmitted through crystalline substances. 
The phenomena displayed in such cases, are probably the 
most splendid in optics ; and when it is considered, that 
through these phenomena an insight is afforded into the very 
taborntory of nature itself, and that we are thus enabled al- 
most to view the interior structure and molecular arrangement 
of bodies, the subject will hardly be thought inferior in im- 
portance to any other to which your attention has been in- 
vited during the present course. 

The first discoveries in this attractive region of science 
were made by Arago, who presented a memoir to the Insti- 
tute, in the year 1811, on the colours of crystalline plates 
when exposed to polarized light. The subject has since been 
prosecuted with unremitting ardour by the first physical phi- 
loMiphers of Europe, and among the foremost by Biot, Urew- 
ster, and Fresnel. 

We have already shown, that when u beam of light, polar- 
ized by reflexion, is received upon a second reflecting plale at 
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the polarizing angle, no reflexion will lake place at the second] 
surface when the plane of incidence there is perpendicular t 
that on the first. The first reflector, in any apparatus of thiaj 
kind, is called the po/ar(;:(«(/ p/nfe, and the second (for re»- 
ftOns which will presently appear), the analyzing plate. NoW,! 
if between the two reflector* we interpose a plate of a.Kf\ 
double-refracting substance, the capability of reflexion at the 
analyzing plate is suddenly restored, and a portion of the light 
is reflected, whose quantity depends on the position of tlie 
interposed crystal. The light is thus said (though impro-J 
porly) to be depolarized by the crystal; and it was by thifti 
property that the double-refracting structure was detected byw 
Mains in a vast variety of substances, in which the separatloitl 
of the two rays was too small to be directly percdved. 

In order to analyze ttiis phenomenon, let the crystalUne] 
plate be placed so as to receive the polarized beam perpeiwl 
dicularly, and let it be turned round in its own phine. Wa 1 
shall then observe that there are two positions of the plate in ' 
which the light totally disappears, and the reflected ray 
vanishes, just as if no crystal had been interposed. These two 
positions are at right angles to one another ; and they are \ 
those m which the principal section of the crystal coincide* , 
with the plane of the Jirst reflexion, or is perpendicular to it. I 
When the plate is turned round, from either of these posUl 
lions, the light gradually increases ; until it becomes a maa^^ 
mum, when the principal section is inclined at an angle of 46° 
to the plane of the first reflexion. 

In these experiments the reflected light is white. But if \ 
the interposed crystalline plate he very thin, the most gorgeous 
colours appear, which vary with every change of inclination of I 
ihc plate to the polarized beam. Mica and sulphate q/'lime 
arc very fit for the exhibition of these t>cautiful phenomena, 
Wcause they can be readily <livided by cleavage into laminss 
of almost any re<)uired thinness. If a thin plate of cither of . 
these substances be placed so as to receive the polarized beam < 
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perpendicularly, and be then tuniwi round in its own plane, 
the tint does not change, but varies only in intensily ; the 
colour vanishing altogether when the principal section of the 
crystal coincides with the plane of primitive polarization, or 
is perpendicular to it, — and, reaching a maximum, when it is 
inclined to the plane of primitive polarization at an angle 
of 45"^. 

If, on the other hand, the crystal be fixed, and the ana- 
lyzing plate turned, so as to vary the inclination of the 
plane of the second reflexion to that of the first, the colour 
will be observed to pass, through every grade of the same 
lint, into the complementary colour; it being always found 
that tlie Ught reflected in any one position of the analyzing 
plate is complementary, both in colour and intensity, to that 
vhich it reflects in a position 90° from the former. This 
curious relation will appear more evidently, if we substitute a 
double-refracting prism for the second reflector ; for the two 
pencils refracted by the prism have their planes of polari- 
zation — one coinciding with the principal section of the 
prism, and the other at right angles to it, and are therefore 
in the same condition as the light reflected by the analyz- 
ing plate, with its plane of reflexion successively in these 
two positions. In this manner the complementary tights 
are seen together, and may be easily compared. But the ac- 
curacy of the relation stated is completely established by 
making these two pencils partially overlap ; for, wliatever be 
their separate tints, it will be found that the part in which 
they are superposed is absolutely while. 

When lominiE of dijftretU thicknesses are interposed be- 
tween the polarizing and analyzing plates, so as to receive 
the polarized beam perpendicularly, the tints are found to 
vary with the thickness. The colours produced by platett 
of the siimc crystal, of difTerent (liicknesses, follow, in fact, 
tile same law as the colours reflected from thin ptatcs of air ; 
the lintii rininy in the teak as the tliickncss is diminished. 
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until finally, when this thickness is redmcd bulcixv a ct-Ttain. 
limit, the colours disappear altogether, untl the central space 
appears black, as when the crystal is removed. The thick- 
ness producing corresponding lints is, however, much greater 
in crystalline plates exposed to polarized light, than in thin 
plates of air, or any other uniform medium. The black of 
the first order appears in a plate of sulphate of lime, when 
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the thickness is the j^q^ of an inch ; between ^ 
of an inch, we have the whole succession of colours of Ni 
ton's scale ; and when the thickness exceeds the latter limit^i 
the transmitted light is always while. The tint produced 
a plate of mica, in polarized light, is the same as that reflected 
from a plate of air of only the ^Ji^dth part of the thickness. 

Pursuing the examination of the same subject for ohiique 
incidences, M. Biot found that, in uniaxal crystals, the tint 
<levelopcd — or rather the number of periods and parts of a 
period belonging to a ray of given refrangibility — was deter- 
mined by the lew/lh of the path traversed by the light within 
the crystal, and by the st/uare of the sine of the angle which 
its direction made with the optic axis, jointly. In biaxal crys- 
tals, we must substitute for the square of the sine, the product 
of the sinct of the angles which the ray makes with the two 
axes. 

Let us now turn to the physical theory, and see in what 
manner it explains the appearances. 

We have already seen that a ray, on entering a crystalline 
plate, is divided into two, diflering in velodty as well as 
direction ; or, in the language of the wave-theory, the 
wave incident upon the crystal is resolved into two sets of 
waves within it, which traverse the crystal in different direc- 
tions, and with different velocities. One of these waves, 
therefore, will lag behind the other, and they will be in dif- 
ferent phases of vibration at emergence. When the plate 
is thin, this retardation of one wave upon the other will 
amount only to u few undulations and parts of an undulation ; 
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and it would therefore appear that we have here all the con- 
ditions necessary for their interference, and the consequent 
production of colour. Such was the sagacious conjecture of 
Young. 

But here we are met by a difficulty. So far as this ex- 
planation goes, the phenomena of interference and of colour 
should be produced by the crystalline plate alone, and in 
common light, without either polarizing or analyzing plate. 
Such, however, is not the feet ; and the real difficulty in this 
case is, — not so much to explain how the phenomena are pro- 
duced, as to show why they are not always produced. 

In seeking for a solution of this difficulty, we may observe 
that the two rays, whose interference is supposed to produce 
the observed results, are not precisely in the condition of 
those whose interference we have hitherto examined ; they 
are polarized, and polarized in opposite planes. We are led 
then to inquire whether there is anything peculiar to the in- 
terference of polarized rays which may influence these re- 
sults ; and the answer to this inquiry will be found to complete 
the solution of the problem. 

The subject of the interference of polarized light was cx- 
amined, with reference to this question, by Fresnet and 
Arago, and its laws experimentally developed. It was found 
that two rays of light, polarized in the same plane, interfere 
and produce fringes, under the same circumstances as two 
rays of common light ; — that when the planes of polarization 
of the two rays are inclined to each other, the interference is 
diminished, and the fringes decrease in intensity ; — and that, 
finally, when the angle between these planes is a right amjU, 
no fringes whatever are produced, and the rays no longer in- 
terfere at all. These facts may be established by taking a 
plate of tourmaline which has been carefully worked to a 
uniform thickness, cutting it in two, and placing one half in 
the path of each of the interfering rays. It will be thus 
found that the intensity of the fringes depends on the relattvu 
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pOMtion of the axes of the tourmalines. When these aies 
parallel, ami consequently the two rays polarized in the 
plane, the fringes are best defined ; they decrease in intei 
sity, when the axes of the tourmalines are inclined to 
another ; and, finally, they vanish altc^^her when these axei^ 
form a right angle. 

The non-interference of rays, polarized in planes at right 
angles to one another, is a necessary result of the mechanical 
theory of Iranjtversaf vibrations. In fact, it is a mathemaUeal 
consequence of that theory, that the intensity of the resultant 
light in that case is constant, and equal to the »um of the in- 
tensities of the two component lights, whatever be the p^aSet- 
of vibration in which tht'y meet. 

But though the intensity of the light does not vary will 
the phase of the component vibrations, the character of tl 
resulting vibration will. It appears from theory, that tw» 
rectilinear and rectangular vibrations compound a single v»> 
bration, which will be also rectilinear when the phases of the 
component vibrations differ by an exact number of semi- 
undulations ; that, in all other cases, the resulting vibration 
will be elliptic ; and that the ellipse will become a circle^ 
when the component vibrations have equal amplitudes, and 
the difference of their phases is an odd multiple of a quarter 
of a wave. These results of theory have been completely 
confirmed by experiment. 

In the altove-mentioned law we find the account of the fact 
which hitherto perplexed us, — namely, that no phenomena ot 
interference or colour are produced, under ordinary circum- 
stances, by the two rays which emerge from a crystalline 
plate, — for these rays are polarized in opposite planes; and 
we learn that, to produce the phenomena of colour in per- 
fection, the planes of polarization of the two rays must be 
brought to coincidence by the analyzer. 

Frcsncl and Arago discovered, further, that two oppositely 
polarized rays will not interfere, even when their planra of po* 
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larization are made to coincide, unless they l)eIong to a pen- 
til, the whole of which wiw originally polarized in one plane ; 
and that, in the interference of rays which had undergone 
double refraction, half an undulation must be supposed to be 
lost or gained, in passing from the ordinary to the extraordi- 
nary system, — ^just as in the transition from the reflected to 
the transmitted system, in the colours formed by thin plates. 
The principle of the allowance of half an undulation is a 
beautiful and simple consequence of the theory of transversal 
vibrations. In fact, tlic \-ibration of the wave incident on 
the crystal is resolved into two within it, at right angles to 
one another, — one in the plane of the principal section, and 
the other in the perpendicular plane. Each of these must be 
again resolved, in two iued directions which are also perpen- 
dicular ; and it will easily appear from the process of reso- 
lution, that, of the four components into which the original 
vibration is thus resolved, the pair in one of the final directions 
must conspire, wiiile in the other, at right angles to it, they 
are opposed. Accordingly, if the vibraUons of the one pair 
be regarded as coincident, those of tlic other must differ by 
half an undulation. Hence, when the plane of reflexion of 
the analyzing plate coincides successively with these two pusi- 
lioin, the colours (which result from the interference of tlio 
portions m the plane of reJitxioH, those in the perpendicu- 
lar plane being not reflected) will be complementary. 

The former of the two laws explains the oflice of the po- 
larizing plate in the phenomena. To account mechanically 
for the non-interference of the two pencils, when the light in- 
cident upon the crystal is uupolarized, wc may regard a ray of 
common light as composed of two rays of equal intensity, op- 
po»teiy j>olarized(n), and whose vibrations arc therefore per- 

t,a) Marcpropcrl}. a mroffommon light miisl br rrgnr.W lu, .■omfioiodofin 
iudefiuilc number of rip tioUriicJ In tit ujmutha ; lu tlml if uij loo planM be 
uanmecl it right ansto*, Uien will b« «■ niiwl <|D>a(il]r of light artuaD) |»larii«<l 
in oich. Ordinary lighl. )u fact, eonabn of a trivt of ijilDait of wbtvi, in 
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pendiculaT. Each of these vibrations, when resolved ii 
within the crystal, and these two again resolved in the plane 
of reflexion of the analyzing plate, will exhibit the pheno- 
mena of interference. But the interval of retardation will 
differ by half a wave in the two cases ; the tints produced will 
therefore be complementary, and the light resulting from thei 
union will be of a uniform whitene9s(a). 

The preceding laws of interference being kept in n 
the reason of all the phenomena is apparent. The i 
originally polarized in a single plane, by means of the polar- 
izing plate; it is then divided into two within the crystal, 
which are polarized in opposite planes ; and these are finally 
reduced to the same plane by means of the analyzing pla 
The two pencils will therefore interfere, and the resultii 
tint wilt depend on the retardation of one of the rays behi 
the other, produced by the difference of the velocities v 
which they traverse the crystal. 

It was shown in our last lecture, that the difference 1 
tween the reciprocals of the squares of the velocities, with 
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each of which the Tibrationa arc di(Teri-nt ; the UilTcrcnL i^'Btems auccMsding 

another bo npidlj, that, in n mcMJerMe time, oa msnj vibrations take pUc< 

onj one plane, as in another at right angles to it. But tho ph( 

tcrenoe, eihihitod bj common light, compel us also to admit (m Mr. Airj 

obKrved) that tho libratioDa da not rhange coKt'tnaalls ; and that in each 

lem of wares there arc, probablf, BeTcml hundred vibrations which 

lar, — althougii tho vibrations conitiluting one sjiitGm hear no rclat 

of another, and thu different syBtoms succeed one another with such rapii 

as to obliterote all trace of |Jotarization. 

(a) Wc have hero supposed tho roautting light to be simplj tho 
lights derircd ttoia each of the portions inlfl which the origiaal lig' 
poaod to bo resolved, without reforoncc to their phase. The justice of tbU 
assumption depemla upon the fact adverted to in the preccdiiiB note, — namelj, 
that the tvo oppa^itcl; poloriied porlions, into which we have supposed com- 
mon light to lie resolved, differ in phase, — that difference continually vorjing. 
The same thing is true, therefore, of the final components ; so that thew nuwt 
bo regarded ■■ lights proceeding tmm differnl sources, 
cipial in Intensity to the sum of the components. 
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which the two rays traverse the crystal, is proportional to the 
product of tliG sines of the angles which their direction makes 
with the optic axes ; ao that if v and v' denote the velodlies 
ofthe two rays, ui and a>'' the angles which their direction makes 
with the two axes, 

tr-'_u'-^— csinwsin w'. 

Out if t and C denote the times occupied by the two rays in 
traversing the crystal, and the thickness actually traversed, — 
or the thickness of the plate multiplied by the secant of the 
angle of refraction, — 

_j_ ,^i_ t''—t''' _ t + t' t — t' 

Now the first factor of this product is very nearly constant; 
we have, therefore, 

( — ('= cofist xOsin uisindi'; 
or, the interval oi retardation is proportional to the product of 
the sines of the angles which the direction of the rays makes 
with the two ases, and to the thickness of the crystal tra- 
versed, jointly. When the two axes coalesce, or the crystal 
becomes uniaxal, the retardation is proportional to the square 
o/t/ie tine of the angle which the direction makes with the 
axis. But the tint developed is measured by the interval of 
retardation ; accordingly, the laws of the tints discovered 
experimentally hy Biot, flow immediately from the theory. 

It is plain that the light issuing from the crystal is, in 
general, ellipticaVy polarized, inasmuch as it is the resultant 
of two waves, in which the vibrations are at right angles, and 
di&er in phase, llencc, when homogeneous tight is used, 
and the emergent beam is analyzed with a double- refracting 
prism, the two pencils into which it is divided vary in inten- 
sity as the prism is turned, neither, in general, ever vanishing. 
When, however, the thickness of the crysUil is such, that the 
difference of phase of the two rays is an rxact n«mbtr of semi- 
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undulations,lUey will compound a plane-polarized ray at cnu 
gctice, — the plane of polarization eitber coinciding with 
plane of primidvfi polarization, or making nn equal angl 
witlt the principal section of the crystal on the other 
accordinii; as the tlifferencc of phase is an even or odd 
tiplc of half a wave. Accordingly, one of the pencils 
which the light ia divided by the analyzing prism, will vanish 
in two positions of its principal section ; and it is manifest 
that the successive thicknesses of the crystalline plate, 
which this takes place, form a series in arithmetical proj 
sion. On the other hand, when the difference of ph 
quarter oj^a wave-length, or an odd multiple of that quan- 
tity, — and when, at the samo time, the principal section of the 
crystal is inclined at an angle of 45'^ to the plane of primitive 
polarization — the emergent light will be circularly-polarized. 
Tliis is one of the simplest means of obtaining a circularly- 
])olarized beam ; but it has the disadvantage, that the required 
interval of phase can only be exact for waves of one particul 
length, and that, therefore, the circular polarization ie 
feet only for one particular colour. 

We have seen Uiat the phenomena of colour arc only pi 
ducod when the crystalline plate is thin. In thick 
where the difference of phase of the two pencils contains 
great maiiy wave-lengths, the tints of different orders come to 
be superposed, (as in the case of Newton's rings, where the 
thickness of the plate of air is considerable), and the resulting 
light is white. The phenomena of colour may stjll, however, 
be produced in thick plates, by superposing two of them in 
auch a manner, that the ray which has the greater velocity in 
the first shall have the less in the second. We have only to 
place the plates with their principal sections perpendleular 
parallel, according as the crystals to which they belong 
of the same, or of opposite denominations. Thus, if both 
crystals he positive, or both negative, they are to be placed V 
their principal sections perpendicular ; and un the other Iiani 
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these sections should be parallel, when one of the crystals is 
positive and tlic other negative. The reason of tltis is evident. 
Let us now consider the effects produced when a pencil of 
rays traverses a uniaxal crystal, in various directions inclined 
the axis at small angles ; and let us suppose, for more sim- 
icity, that the crystalhne plate Is cut in a direction perpen- 
dicular to the axis. 

Let ABCD (fig. 10) be the plate, and b the place of the 
eye. The visible portion of the emergent beam will form a 
cone, AEii, whose summit coincides with the place of the eye, 
and axis eg with the axis of the crystal. The ray which tra- 
verses the crj'stal in the direction of the axis, poe, will un- 
dergo no change whatever ; and consequently will be reflected 
or not from the analyzing plate, according as the plane of 
reflexion there coincides with, or is perpendicular to, the plane 
of the first reflexion. But the other rays composing the cone 
will be modified in their passage through the crystal, and the 
changes which they undei^o will depend on their inclination 
to the optic axis, and on tlie position of the principal section 
with respect to the plane of primitive polarization. 

Let the circle (flg. 1 1 ) represent the section of the emer- 
gent cone of rays made by the second surface of the crystal; 
and let mm' and kn' be two lines drawn through its centre at 
right angles, i»eing the intersecdons with the surface of 
the plane of primitive polarization, and of the perpendicular 
plane, respectively. Now the rays which emerge at any 
point of these lines will not be divided into two within the 
crystal, nor will their planes of polarization be altered ; be- 
cause the principal section of the crystal, for these rays, in 
the one case coincides with the plane of primitive polarization, 
and in the other is perpendicular to it. These rays therefore 
will be reflected, or not, from the analyzing plate, according 
IIS the plane of reflexion there coincides with, or is perpeii- 
L Ocular to, the plane of the lir»l reflexion. In the latter case, 
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therefore, a lilack cross will be ttisplaycil on the field, and t 
the fonner a white one (figs. 12, 13). 

But the case is diSerent with the rays which emerge at an^J 
other point, such as L. The principal section of the crysta 
. for this ray, OL, neither coincides with, nor is perpendicular to,-l 
the plajie of primitive polarization; and consequently the in- 1 
cident polarized ray will be divided into two within the crys- I 
tal, whose pianos of polarization are parallel and perpendicu- 
lar to OL, respectively. The vibrations in these two rays. | 
are reduced to the same plane by means of the analyzing J 
plate ; they will therefore interfere, and the extent of that I 
interference will depend on their difference of phase. 

Now the difference of phase of the two rays varies with the I 
interval of retardation. W]ien this interval is an odd multiple J 
of half an undulation, the two rays will be in complete di»- | 
cordance ; and, on the other hand, they will be in complete. ( 
accordance, and will unite their strength, when the retar- 
dation is an even multiple of the same quantity. We have 
seen that, for a given plate, the retardation is proportional to 
the square of the sine of the angle which the ray makea 
with the optic axis within the crystal. It may be easily shown i 
that the sine of this angle is very nearly proportional to | 
the sine of the angle leg (fig. 10), which the emergent ray I 
makes with the axis ; and this latter to lo, the distance of the j 
point of emergence from the centre. The retardation there-' ( 
fore varies as the square of the distance lo (fig. 1 1) ; and con- 
sequently the successive dark and bright lines will be arranged ] 
in circles, the squares of whose radii, lo, are in arithmetical | 
progression (figs. 12, 13). 

We have of course been speaking here of homogeneout i 
light. When white or compound light is used, the rings of J 
<liifercnt colours will be partially superposed, and the re- j 
suit will be a scries of iris-coloured rings separated by dark in- I 
tcrvals. All the phenomena, in fact, with tlie exception oS I 
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the CT0H9, are similar to those of Newton's i 
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now sec that they are both cases of the same fertile prin- 
ciple,— the principle of interferenee. These rings are exhi- 
bited even in thtch crystals, because the difTercnce of the 
velocities of the two pencils is very small for rays slightly in- 
clined to tlie optic axis. 

Let us now consider briefly the case of biaxal crystals. 
Let a plate of such a crystal be cut perpendicularly to the 
line bisecting the optic axes, and let it be interposed, as be- 
fore, between the polarizing and analyzing plates. In this 
case, the bright and dark bands will no longer be disposed in 
circles, as in the former, but will form curves which are 
symmetric with respect to the lines drawn from the eye in 
the direction of the two axes. The points of the same 
band arc those for which the interval of retardation of the 
two rays, ( — /', is constant. Now we have seen that this 
interval is proportional to the product of the sines of the an- 
gles which the direction of the rays makes with the optic 
axes ; and these sines are, very nearly, as the distances of 
the point of emergence (measured on the face of the crys- 
tal) from the projections of the optic axes. Hence the 
product of these distances will be constant for all the points 
of the same curve. The curve formed by each band is there- 
fore the lemniacata of James BernouiUi, — the fundamental 
property of which is, that tlie product of the radii-vectores, 
drawn from any point to two fixcil poles, is a constant quan- 
tity. The exactness of this law has been verified, in the most 
complete manner, by the measurements of Sir John Herschcl. 
The constant varies from one curve to another, — being pro- 
portional to the interval of retardation, and increasing there- 
fore as the numbers of the natural series for the successive dark 
bands; for different plates of the same substance, the con- 
stant varies inversely as the thickness (figs. 14, 15). 

The form of the dark brushes, which cross the entire 
system of rings, is determined by the law which governs the 
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planes of polarization of the emergent rays. There is no dif- 
ficulty in showing, on the principles of Fresnel's theory, that 
two such dark curves, in general, pass through each pole ; 
and that they are rectangular hyperbolas^ whose common 
centre is the middle point of the line which connects the pro- 
jections of the two axes. 
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INTEItFERENCB OF POLAUIZEI 



Gektlebien, — In the phenomena which we have hitherto 
considered, the light has been polarized in a certdn de- 
terminate plane, — thi» plane of polarization remaining un- 
changed during the whole future course of the ray, provided 
that it does not undergo any further modification by reflexion 
or n>(raction. There are certain cases, however, in which the 
plane of polarization of the ray is continually changing during 
its entire progress, sometimes revolving from lejl to right, 
(like the handa on the dial-plate of a clock), and sometimes 
in the opposite direction. 

This remarkable phenomenon was first observed by 
Arago, in rock-cryataly the only known solid in which the 
property has been found to reside. To understand the dis- 
tinction between this and other crystals,— we should observe, 
that when a (wlarizcd ray, of any simple colour, traverses a 
plate of Iceland spar, beryl, or any other uniaxal crystal, in 
the direction of its axis, it suffers no change of any kind. 
But when the ray traverses in the same manner a plate of 
roch-cryHnl, its plane of polarizaUon is found to be altered at 
emergence. In some crystals of this substance, the plane of 
polarisation is turned from left to right, while iu others it is 
turned in an opposite direction ; and the crystals themselves 
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are called liy/it-hundud or hft-htindid, aecwnling as lliey prj 
duce one or other of these elTecta. 

The phenomena of rotatory polarization were 
with great diligence and success by Biot, and were redm 
by him to the following general laws. 

1. In different plates of the same crystal, the rotation 
the plane of polarization is always proportional to the tki\ 
nesg of the plate. The same thing holds, very nearly, 
plates of different crystals. 

2. When two plates are 8uperpose<l, the effect produced 
very nearly, the same as that which would be produced b; 
single plate, whose thickness is the stim or difference of i 
thicknesses of the two plates, according as they are of tl 
same, or of opposite denominations. 

3. The rotation of the plane of jwlarization is very diffe- 
rent for the different rays of the spectrum, and increases with 
their refrangibility. For a given plate, the are of rotation is 
inversely as the si/uare o/the leufjth of the wave. Thus 
arc of rotation, produced by a plate whose thickness is a mi 
lijnetre, is 17^" for the extreme red of the spectrum, 3V 
the rays of mean refrangibility, and 44" for the extreme vioh 

Since the rays of different refrangibjlities emei^ polarii 
in different planes, it follows that ifal)eamofui/tfYc light be let 
fall upon the crystal, and be received after emergence upon an 
analyzing plate, this will reflect a portion of the light in every 
position of the plane of reflexion ; and that ]K>rtion will be be 
tifully coloured, the colour varying with the thickness of 
crystal, and the position of the analyzing plate. For the 
lyeing plate will reflect the rays of different colours iu dil 
rent proportions, depending on the position of their planes 
polarization with respect to the plane of reflexion ; and 
resulting colour will be a compound tint, which can be ei 
estimated. 

The curious distinction, which was found to subsist bctwt 
different specimens of rock-crystal, fur a long time added 
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ilic mystery of these singular phenomena. At length, how- 
ever, Sir John Hcrschel discovered a connexion between the 
phenomena and the crystalline form. The ordinary form of 
the crystal of quartz is the six-sided prism terminated by the 
six-sided pyramid. The solid angles, formed at the junction 
of the pyramid and prism, are sometimes replaced by small 
secondary planes, which are oblique with reference to the 
oiiginal planes of the crystal: and the form of the crystal is 
then called plagiedral. In the same crysUil these planes lean 
all in the same direction ; and it is found that, when that di- 
rection is to the right, (the apex of the pyramid being upper- 
most), the crystal is right-handed ; and that, on the contran-, 
it is Ufi-handed, when the planes lean in the opposite way. 

Sir David Brewster has since discovered that the ame- 
tkytt, or violet quartz, is actually made up oi alternate layers 
of right-handed and left-handed quartz. Tliis remarkable 
structure may be traced in the fracture of the mineral : tor 
the edges of the layers crop out, and give to the fracture 
the undulating appearance which is peculiar to this mineral. 
Dut the structure in question is displayed in the most beau- 
tiful manner, when we expose n pUte of this substance to 
polarized light. 

Itiot and Scebeck subsequently discovered that some of 
the liquids, and even of the vapours, possess the same pro- 
perty as quartz ; and impress a rotation on the plane of polar- 
ization of the intromitted ray, which is proportional to the 
thickness of the substance traversed. The fact is easily ob- 
served by transmitting a polarized ray through a long tube 
lilled with the liquid, and closed at each end by parallel plates 
of glass; and then analyzing the emergent ray by a double- 
refracting prism. Among the liquids possessing this pro- 
perty are oil of turpentine, oil of lemon, solution of sugar 
in water, solution of camphor in alcohol, 8;c. ; the first- 
mciitioitcd of these liquids lieing right-handed, and the others 
Icft-haiidctl. 'i'hey do not lose ihcir rotatory power by di- 
lution with other liquids not possessing the property : and 
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they are found to retain it, even when raiseil to the state 
vapour. They al! possess the property in a much feebler 
gree than quartz ; so that the ray must traverse 
greater thickness of the substance, in order to have its pli 
of polarization altered by the same amount. Thus a plate of 
rock-crystal, whose thickness is one millimetre, rotates the 
plane of polarization of the red ray through an arc of 
18° ; a plate of oil of turpentine, of the same thickness, ti 
the plane of polarization only through a quarter of a degree. 

Biot found, moreover, that when two or more liquids pos- 
sessing this property are mbced together, the rotation pro- 
duced by the mixture is always the sum, or the difference, of 
the rotations produced by the ingredients, in thicknesses pro- 
portional to the volumes in which they enter the mixture, 
according as the liquids are of the same, or of contrary de- 
nominations ; and he has even found that the same law holds 
good in many cases in which the liquids are chemically 
united. From these and other facts, he concludes that the 
property of rotatory polarization is inherent in the ultimate 
particles of bodies. A fact strongly opposed to this view 
that quartz is found to lose the pro]>erty, when it loses 
crystalline arrangement. Thus Sir John Herschel obsei 
that quartz held in solution by potash (liquor of 0ints) did not 
possess the property ; and the same thing has been remarked 
by Sir David Brewster, with respect to fused cjuartz. 

The phenomena of rotatory polarization, in rock-crystal, 
have been shown to arise from the interference of two rir- 
citlarlj/'polarhed pencils, which are propagated 
axis with unequal velocities, one revolving from left to 
and the other in the opposite direction, A ph 
ized ray, in fact, is equivalent to two circularly-potari 
rays of half the intensity, in which the vibrations 
opposite directions. When a plane-poIarizcd ray, therel 
is incident perpendicularly upon a plate of rock-cryf 
cut perpendicularly to the axis, it may be resolved 
IWQ such circularly-polarized mys. These arc suppoa 
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lie transmiltcd wilh dUTercnt velocities: so that, mIk'ii lliey 
assume a common velocity at emergence, one of them will be 
in ailvaiice of the other. They then compound a single ray, 
polarized in a single plane ; and this plane, it can be shown, 
is removed from the plane of primitive polarization, by nn 
angle proportional to the interval of retardation, and there- 
fore proportional to the thickness of the crystal. 

Thus the laws of rotatory polarization are completely ex- 
plained ; and it only remained to prove the truth of the assump- 
tion, that two circularly-polarized pencils, whose vibrations 
are in opposite directions, arc actually transmitted along the 
axis of quartz with different velocities. This supposition is 
easily put to the test of experiment ; since such a difference 
of velocity must produce a difference of refraction, when the 
surface of emergence is oblique to the direction of the ray. 
According to this hypothesis, therefore, a polarized ray trans- 
mitted through a prism of rock crystal, in the direction of the 
optic asis, should undergo double refraction at emergence ; 
the two pencils into which it is divided being circularly- 
poiarized. This has been completely verified by Fresnel, by 
means of an achromatic combination of right-handed and left- 
handed prisms, arranged so as to double the separation ; and 
he has shown that the two pencils are neither common nor 
platif-polarizeri light, but possess all the physical characters 
of light circular ly-polar tied. 

The subject of the peculiar refraction of rock-crystal was 
next taken up by Mr. Airy ; and he succeetfed in showing 
that when a plane-polarized ray is transmitted through this 
substance, in any direction inclined to the axis, it \» dividnl 
into two pencils which are cllipti^^allif'polarized ; the ellipticul 
vibrations in the two rays being in opposite directions, and 
the greater axes of the ellipses coinciding respectively with 
the principal plane, aiul with the perpendicular plane. The 
ratio of the axes, in these ellipses, varies with the inclination 
of the ray to the optic axis, — being a ratio of equality wh 
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llie liirection of the ray coiiieiiles wilh the axis, am 
crea^g indefinitely with its inclination to that line. With 
respect to tlio course of the refracteil rays, Mr. Airy found 
tliat it was still determined by the' Huygenian law ; but that 
the sphere and spheroid, which determine the velocity and 
direction of the two raya, do not touch, as in all other 
known uniaxal cnstals, — the latter surface being contained 
entirely within the former. This is a necessary consequence 
of tile fact, that the interval of retardation of the two pencils 
does not vanish, when the inclination of the ray to the optic 
a.us becomes nothing. 

Mr. Airy has given an elaborate calculation, founded on 
these hypotheses, of the forms of the rings, &c. displayed by 
quartz in jibne-polarized, and circularly-polarized light ; and 
he has found the most striking agreement between the results 
of calculation and experiment. Among the most remarkable 
of the phenomena whose laws are thus developed, is that pro- 
duced by tbe superposition oftwo plates of quartz, of the same, 
thickness, one of them being nght-han<led and the other left- 
handed. 

All these complicated fects have been linked together, and 1 
their laws deduced by Professor MacCullagh. In this inves- a 
tjgation, which is contained in the seventeenth volume of the | 
Transactions of the Royal Irish Academy, the author sets 
out by assuming the form of the differential equations of vi- 
bratory motion in rock-crystal ; and from this form he has 
deduced the elliptical polarization of the two pencils, — the 
law of the ellipticity as depending on the incbnation of the 
ray to the axis, — the interval of retardation in the direction of j 
the axis, — and the peeuhar form of the wave-surface. It is a I 
remarkable confirmation of this theory, that it contains but a 
single constant ; and that, this constant having been deter- 
mined by means of the measures of Uiut in one class of pho 
nomena, the author has been enabled to calculate the rcsulta 
in another and totally distinct class, observed by Mr. 



and tiaa found the results of calculation and those of obser- 
vation to agree. It still remains, however, to deduce from 
mechanical principles the differential equations assumed by 
Professor Mac Cullogh ; wlien this shall have been accom- 
plished, the solution of this perplexing; problem will be com- 
plete. 

The phenomena of depolarization and of colour, impressed 
liy double-retracting substances ujwn tlie transmitted light, 
are, we have seen, the necessary results of the interference 
of the two pencils into which the light is divided within 
them. These properties, therefore, become distinctive cha- 
racters of tlic double- refracting structure, and thus enable 
us to discover the existence, and to trace the laws of 
that structure, even in substances in which the sepaiation of 
the two pencils is too minute to be directly observed. By 
such means the important discovery has been made, that a 
double- refracting structure may be communicated to bodies 
which do not possess it naturally, by meclianical comprtsaion 
or dilatation. Thus Sir David Brewster observed, that when 
pressure was applied to the opposite faces of a parallelopiped 
of glass, it developed n tint in polarizeil light, like a plate of 
double-refracting crystal ; and the tint descended in the scale 
as the pressure was augmented. Single-refracting crystals, 
such OS muriate of soda and fluor spar, acquired the property 
of double refraction by the same means. 

Tim is in perfect accordance with tlie wave-theory. 
Owing to the connexion of the vibrating medium with the 
solid in which it is contained, its elasticity is rendered unequal 
in different directions by the ofTect of compression, the max- 
imum and minimum of elasticity corresponding to the direc- 
tions of greatest and least pressure. Accordingly, the vibra- 
tions of the ray, on entering the substance, are resolved into 
two in these directions, and these ore prnpn^atetl witli unequal 
velocities. One of the ravs. iherefon'. will be retarde<i more 
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tlian the other, and tliey will he in ilifT^reiit plinaes of vihr:L- I 
tion at emergence ; the resolved parts of these vibrations in I 
the plane of reflexion of the analyzing plate will accordingly I 
interfere, and the tint developed will be determined by the in- i 
terval of retardation. 

These results of theory were experimentally confirmed by I 
Fresnel; and he found that the velocity with which a ray I 
traversed the glass was greater or less, according as its plant 
of polarization coincided with, or was perpendicular to, the 
line in which the pressure was exerted. The double refraction j 
of the ray is a necessary consequence of this difference of ve- i 
locities ; — but this was also established by Fresnel by direct I 
experiment. A series of glass prisms were placed together, j 
with their refracting angles alternately in opposite direcUons, 1 
and the ends of the alternate prisms powerfully pressed by 
screws : a ray transmitted through the combination was 1 
found to be divided into ttco oppositely polarized. The com- 
pressed prisms, in this arrangement, had acquired a double- j 
refracting structure, the axis of pressure being also the axis ] 
of double refraction ; and their refracting angles being all j 
turned in the same direction, the divergence of the two rays f 
was increased in proportion to their number, and thus ren- 
dered sensible. The intermediate prisms served to correct the J 
deviation, and to render the combination achromatic. 

The opposite effects of compression and dilatation may be I 
very well seen, and studied, in a thick plate of glass bait by an ( 
external force. The entire mass of the plate is thus throwa 1 
into an altered state of density, the parts towards the convex J 
side of the plute being dilated, and those towards the concave I 
side compressed; while, about the middle of the thickness, I 
there is a surface in which the particles are in their natural I 
state. Accordingly, when this body is interposed bctweeR I 
the polarizing and analyzing plates, so as to form on angle o 
45" with the plane of primitive polarization, two sets ■ 
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colourcil bands arc s*?cii, separated by a neutral line ; aiul these 
vankb altogctbcr when the compressing; force is withdrawn. 
The parts towards the convex, or dilated side of the neutnd 
line, are found to have acquired a positive double-refracting 
structure, and tho3e on the concane, or compressed side, a 
negative one. 

In these cases of induced double refraction, tlie pheno- 
mena arc related to the form of the entire mass ; aixl the axes 
of elasticity arc single lines within the substance, fixed in 
position, as well as direction. In this respect the plicnomena 
arc essentially ditfcrent from those produced by regular crya~ 
taU, in which the elasticity and double refraction depend 
solely on the direction, and are tlic same in all parts of the 
substance. 

The etfecis of unequal compression and dilatation may be 
much more regularly produced by the application of heat. 
These cfTects may be studied by applying a bar of hot iron to 
the edge of a rectangular plate of glass, and placing it in the 
]iolarizing apparutus, so that the heated edge may form an 
angle of 45° with the plane of primitive polarization. At the 
end of some time, the whole surface of the plate will be ob- 
served to bo covered with coloured bands, the parts near the 
opposite edges having acquired a positive double-refracting 
structure, and those near the centre a negative one. The 
eflectB are reversed when a plate of glass, uniformly heated, is 
rapidly cooled at one of its eitgea ; and all the appear- 
ances vanisli when the glass acquires the same temperature 
throughout. 

If we transmit heat from the surbco to tlic a.\is of a 
glass cylinder, by immersing it in heated oil, it will display a 
system of lings similar to those of a negative crystal with one 
axis, the a.xis of the cylinder being also tbo axis of double 
refraction. When the heat reaches the axis, the tlouble re- 
fraction begins to weaken, and the colours disappear allt^ether 
when the glass is uniformly heated. Again if the cylinder. 
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when in tliis state, lie made to cool rapidly, by smrounttiiig it ^ 
with a good conductor of heat, it will transiently assume the 
opposite character of a positive double-refracting crystal ; and 
when it becomes of a uniform temperature throughout, all 
traces of double refraction again disappear. If we employ an 
elliptic cylinder, instead of a circular one, in the experimeat 
just described, it will e:ihibit the coloured curves formed by a j 
bittxal crystal : and the phenomena may be endlessly varied! 
by varying the form of the glass to which the heat is applied. ^ 

If now, by any means, the glass be arrested in one of 
these transient states, it will acquire a permanent double- 
refracting structure. This has been accomplished by raising 
it to a red heat, and then cooling it rapidly at the edges ; foTfi 
as the outer parts, which are thus more condensed, assume • 
fixed form in cooling, the interior parts must accommodates 
tiiemselvcs to that form, and therefore retmn a state of u 
equal density. The law of density, and therefore the double*^ 
refracting structure, will depend on the external form ; and it 
is accordingly found that the coloured bandw and patches, 
which such bodies display in polarized light, assume a regu- 
lar arrangement varying with the shape of the mass. 

As the double-refracting structure is communicated t 
bodies which do not possess it naturally, by mechanical c 
prcssion, or unequal temperature, — so, by the same meam 
that structure may be altered in the bodies in which it already^ 
resides. Thus Sir David Brewster and M. Biot found that 
the double refraction of regular crystals may be altered, and 
the tints they display made to rise or descend in the scale, by 
simple pressure. But the changes induced by heat are n 
remarkable. Professor Mitschcrlich discovered the impoitaal 
fact, that, in general, heat dilates crystals differently in d^^ 
ferenl directioTts, and so alters their form ; and their double- 
refracting properties are found to undergo a corresponding 
change. Thus, iceland spar is <lilated by heat in the i 
rection of its a.xis ; while it actually contracts, by s 
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amount, in directions perpendicular to it. The angles of the 
primitive form thus vary, the rhomboid bocomtng less obtuse, 
and approaching tlie form of the cube, — in crystals of which 
form, we have already seen, there is no double refraction- 
Professor Mitscherlich accordingly conjectured, that the 
donble-refracting enei^y of the crystal must, in these circum- 
stances, be diminished ; and the conjecture was verified by 
experiment. In fact, the extraordinary inde.x in Iceland spar 
increases considerably with the temperature, while the ordi- 
nary index undergoes little or no change. 

We have seen that the inclination of the optic axes, in 
biaxal crystals, is a simple function of the three principal elas- 
ticities of the vibrating medium ; the plane of the axes being 
that of the greatest and least elasticities. If then, these elas- 
ticities be altered by heat in different proportion*, the in- 
clination of the axes will likewise vary ; and it may even 
happen that the plane of the axes will shift to a position at 
right angles to that which it formerly occupied. All these 
variations have been actually observed. Professor Mitscher- 
lich found that, in sulphate of lime, the angle between the 
axes (which is about 60° at the ordinary temperature) di- 
minishes on the application of heat ; that, as the temperature 
increases, these axes approach until they unite ; and that, on 
a still furtlier augmentation of heat, they again separate, and 
open out in a perpendicular plane. Heat is found to dilate 
this crystal more in one direction than in another perpen- 
dicular to it. Analogous phenomena have been observed by 
Sir David Brewster in glauberitc. 
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